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SAMENVATTING 
SAMENVATTING 
Dit proefschrift behandelt enige theorie en methoden voor de 
studie van secundaire successie. In de inleiding worden enkele 
verschillende theorieën voor successie genoemd. De relatie tussen 
deze theorieën en de modellen die gebruikt worden om hypothesen 
gebaseerd op deze theorieën te testen wordt aangegeven. De aan-
dacht wordt gericht op een discussie over ruimtelijke en tem-
porele schalen. De keuze van deze schalen is de belangrijkste 
stap in het onderzoek naar successie, omdat er een (niet zeer 
duidelijk) verband bestaat tussen beide schalen en de verschil-
lende theorieën over successie. 
De hoofdstukken 2 t/m 4 zijn gewijd aan statistische 
modellen: De gegevens worden met behulp van statistische modellen 
geanalyseerd. Alle voor deze hoofdstukken gebruikte gegevens 
komen uit permanente kwadraten: een set van 20 experimentele 
graslandvakken op de Wylerberg bij Nijmegen (gegevens verzameld 
door Nijmeegse studenten) en een deel van een set van ruim 50 
permanente kwadraten in heidegebieden, verspreid over het land en 
over verschillende bodemtypen (gegevens verzameld door dr J.T. de 
Smidt). 
De methoden om gegevens te analyseren genieten binnen de 
oecologie niet alle de bekendheid die ze verdienen. In hoofdstuk 
twee wordt een tweetraps ordinatieprocedure beschreven: Detrended 
Correspondence Analysis gevolgd door Individual Differences 
Scaling. Een duidelijke structuur wordt gevonden in de gegevens 
van de twintig graslandvlakken: Maaien is (in dit experiment) de 
belangrijkste factor die de vegetatiesamenstelling bepaalt. Op 
maaien volgen bemesting en bodemtextuur. 
Complementair aan deze multivariate analyse van de Wyler-
berggegevens is een univariate analyse uitgevoerd (hoofdstuk 3) 
door middel van regressieanalyse voor de afzonderlijke soorten. 
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Slechts 19 soorten Ыіцкеп min of meer duidelijk te reageren op 
de verschillende beheersmaatregelen. Gedeeltelijk is dit mogelijk 
toe te schrijven aan onnauwkeurigheden m de opzet van het ex­
periment en aan fouten in de waarnemingen. 
In hoofdstuk 4 wordt een verdelingsvrije methode voor non-
parametrische vergelijking van groeicurven gebruikt om de ge­
schatte bedekkingspercentages van vier op de heide voorkomende 
soorten onder verschillende omstandigheden met elkaar te 
vergelijken. De resultaten bevestigen onderzoek van de Rijks 
Universiteit Utrecht: Zeer waarschijnlijk is de beschikbaarheid 
van nutriënten in combinatie met de aanwezigheid van grassen 
voorafgaande aan een verstoring van de hei door heidekever de 
meest bepalende factor bij de vergrassing van Nederlandse heiden. 
Hoofdstuk 5 beschrijft de ontwikkeling van een ruimtelijk 
expliciet, dynamisch model voor plantengemeenschappen met een 
eenvoudige verticale structuur. De gemeenschap wordt weergegeven 
door een rechthoekig vlak verdeeld in een groot aantal vierkante 
"microsites". Elke microsite kan bezet worden door slechts èèn 
individu van één van de soorten. Individuele planten vestigen 
zich met uit veldgegevens geschatte aantallen in willekeurige 
microsites en beginnen te groeien. Daarbij bezetten zij elk een 
groep van aaneengesloten microsites. Ruimtelijke interacties tus-
sen de individuen vinden plaats wanneer zij naast elkaar gelegen 
microsites bezetten: Op dat moment beletten zij elkaar om weder-
zijdse microsites in te groeien. Alle energie- en voedselbronnen 
zijn gemodelleerd als ruimte: Zodra een individu een microsite 
bezet is daar geen voedsel- of energiebron meer beschikbaar voor 
andere individuen. 
De kans dat een individu sterft is omgekeerd gerelateerd aan 
zijn groeisnelheid. Het model is complementair aan zogenaamde 
"forest gap" modellen doordat het in tegenstelling tot die model-
len de horizontale structuur expliciet maakt, terwijl eventueel 
aanwezige verticale structuur verwaarloosd wordt. De rol in de 
successie van drie dwergstruiken wordt door dit model verklaard 
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in termen van slechts enkele morfologische en "life-history" 
parameters. Experimenten met het model (hoofdstuk 6) bewijzen de 
levensechte complexiteit die kan voortkomen uit betrekkelijk een-
voudige mechanistische modellen. 
In hoofdstuk 7 tenslotte wordt geconcludeerd dat mechanis-
tische modellen op zeer verschillende schalen ons meer inzicht 
kunnen geven in de successie van plantengemeenschappen. Ex-
perimenten op kleinere schaal kunnen gebruikt worden om deze 
modellen te voorzien van de noodzakelijke parameters. Complexe 
hypothesen kunnen ontwikkeld worden door waarnemingen aan plan-
tengemeenschappen te analyseren binnen een statistische context, 
terwijl dynamische modellen ons de mogelijkheden geven om deze 
complexe hypothesen te toetsen. 
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SUMMARY 
SUMMARY 
The general themes of this thesis are secondary succession 
and methods to study secondary succession. The introduction 
(chapter 1) mentions some different theories on succession and 
indicates the relation between these theories and the models 
which are used to test hypotheses emanating from these theories. 
The attention is focused to a discussion on spatial and temporal 
scales. Choice of these scales is the most important step in the 
study of succession since there is a relationship (although not 
very clear) between both scales and the different theories on 
succession: "Clementsian" ideas are related to the larger, 
"Gleasoman" ideas to the smaller spatial and temporal scales. 
Chapters 2 to 4 are devoted to static models, models in 
which data are fit into a convenient statistical model. All data 
are collected from permanent plots; one set of 20 experimental 
grassland plots on the Wylerberg near Nijmegen (the Netherlands) 
and part of a set of 50 permanent plots m heathlands, spread 
over the country on different soil types and in different areas 
(data collected by J.T. de Smidt). 
The methods used to analyze the data are not all very well 
known in ecology although some of them deserve more attention. In 
chapter 2 I introduce a two-step ordination procedure, Detrended 
Correspondence Analysis followed by Individual Differences Scal-
ing to reveal a very clear structure in the set of 20 grassland 
plots. From this analysis it can be inferred that mowing (in this 
experiment) is the most important factor determining the composi-
tion of the vegetation, followed by fertilization and soil 
texture. 
Complementary to this multivariate analysis of the Wylerberg 
permanent plots a univariate analysis is performed (chapter 3) by 
means of regression analysis for each species separately. The 
reaction of only 19 out of the 121 species is shown to be related 
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to the management regime. This may be due to errors in the design 
of the experiment and errors in the observations. 
In chapter 4 a distribution free test for non-parametric 
comparison between growth curves is used to compare curves of es-
timated cover percentages for four heathland species under dif-
ferent conditions. From these data it can be inferred that 
nutrient availability and presence of grasses before a distur-
bance by heather beetle or fire may be the most important factors 
controlling the process of heathland changing into grassland. 
In chapter 5 a spatially explicit dynamic model is 
developed for communities with a simple vertical structure. The 
community is represented by a rectangular plot of defined dimen-
sion over which a fine-mesh grid of microsites is located. Each 
miocrosite can be occupied by not more than one of the species. 
Individual plants establish with estimated establishment rates in 
random microsites and start growing, thereby occupying a group of 
contiguous microsites. Spatial interactions between individuals 
occur as soon as they are occupying ad]acent microsites, thereby 
preventing each other from growing into these microsites. All 
resources (light, water, nutrients) are considered to be ini-
tially homogeneously distributed over the plot and competition is 
modelled as competition for space, which stands for all resour-
ces. The probability of dying for individual plants is inversely 
related to their actual growth rates. The model is complementary 
to forest gap models by assuming a one-layered vertical struc-
ture, but explicitly modelling the horizontal spatial interac-
tions between individuals. The successional roles of three shrub 
species are explained in terms of a few morphological and life-
history parameters. Experiments with the model (chapter 6) give 
further proof of the life-like complexity that can emerge from 
simplistic mechanistic models. 
It is concluded (chapter 7) that mechanistic models at very 
different scales, even if simplistic, can provide us with more 
insight into the process of succession. Experiments or observa-
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tions at a finer scale can be used to feed these mechanistic 
models with parameters. Complex hypotheses can be derived by 
analyzing observations on the community within a statistical 
framework, dynamic models give us the opportunity to test these 
hypotheses. 
β 
CHAPTER 1 
INTRODUCTION 
1. INTRODUCTION 
1.1 Some general aspects of succession. 
Community dynamics and the underlying mechanisms have 
received much attention from the beginning of vegetation science. 
Early ideas have been presented by Clements (1916, 192Θ) and 
Gleason (1917,1927). Their ideas form the basis for modern suc­
cession theory in most of its aspects. 
Succession is defined as an orderly process of community 
change in which communities replace one another (Odum, E.P., 
1959). Odum adds to this definition, that the processes are 
caused by the ecosystem itself. H.T. Odum (1983) emphasizes this 
aspect of succession: Succession is a self-organizational process 
by which ecosystems develop structure. Many other definitions of 
succession can be found in the ecological literature (e.g. Grime, 
1979; Grubb, 1977; van Hulst, 1975; Miles, 1979) but none of them 
describes succession in all its aspects. The aim of this section 
is to focus the attention to some of the controversies between 
the Clementsian and Gleasonian ideas. In the last section of this 
chapter I will try to explain why these controversies still 
exist. 
Clements' (1916, 1928) concept of succession is based on the 
process of reaction: The vegetation changes itself by modifying 
the soil and internal climate in such a way that another type of 
vegetation can replace the original vegetation. Succession in his 
ideas follows a predetermined pathway through several vegetation 
types until a steady state is reached in the so-called climax 
vegetation. The pathway depends only on the soil matrix and 
macro-climatological factors. 
Gleason's (1917, 1927) concept of succession on the contrary 
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is essentially stochastic: The processes by which the vegetation 
changes are the stochastic establishment and extinction of 
populations of different species. However, the probabilities for 
establishment and extinction are dependent on a number of exter-
nal and internal factors. 
Connell S Slatyer (1977) combine both visions in a more 
general concept of succession in which they distinguish three 
processes controlling the vegetation's change. Firstly the 
process of facilitation: The species growing in a certain area 
modify the environment and thereby create microhabitats for new-
comers (cf. reaction). Secondly they distinguish tolerance, a 
concept in which the coexistence of populations in the vegetation 
is described. Related to this aspect are concepts like competi-
tion and niche differentiation. Thirdly inhibition is described 
as a mechanism by which the presence of certain species inhibits 
the establishment or growth of other species. Inhibition and 
tolerance, though opposite in their effects, work more or less in 
the same way: Species are changing the environment by altering 
the structure of the vegetation or the characteristics of the 
soil (Whittaker, 1970) or by the excretion of substances inhibit-
ing (Drury & Nisbet, 1973) or favouring other species. 
For secondary succession, which is the succession after a 
disturbance, some more processes are of special interest. Secon-
dary succession tends to proceed more rapidly than primary 
succession, because the soil structure has already developed and 
many of the species are already present (E.P. Odum, 1959). Egler 
(1954) introduced the concept of initial flonstics as an addi-
tional explanation for secondary succession: Species already 
present in the form of seeds (or other disseminules) have a quick 
start and therefore have a greater influence on the dynamics. 
Drury & Nisbet (1971) also emphasized the influence of the com-
position of the surrounding vegetation (cf. relay flonstics, 
Egler, 1954). 
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1.2 Models for succession 
Introduction 
In this section some models for succession will be discussed 
with examples and a classification of models for succession re-
search will be given. Models s.l. can be defined as systems that 
are simpler than the reality that is modelled, but which repre-
sent salient features of the real system. In this definition a 
large range of models is included, from merely verbal models that 
describe a situation or processes in words, via statistical 
models that give a description of the data in a convenient mathe-
matical framework, to theoretical dynamic models based on a 
generalized set of processes hypothesized to underly the data. 
One important distinction that can be made is that between 
static and dynamic models, static models giving a description of 
the data based on statistical theory and not explicitly modelling 
processes, and dynamic models in which processes are modelled on 
the basis of ecological (and statistical) theory. The essential 
difference is that static models are used to extract information 
from a set of data, while dynamic models on the contrary are more 
or less based on knowledge about the dynamics and can be used to 
give insights into the processes and into the way several 
mechanisms act in combination. However, also with static models 
it is possible to make inferences on processes, although not the 
processes themselves are analysed, but the resulting system 
states. 
A second distinction between models that can be made is the 
distinction between descriptive and explanatory models. Descrip-
tive models are used to summarize the observations e.g. reduction 
of the dimensionality of multivariate data with ordination 
techniques. Explanatory models are used to detect or proof the 
effects of variation in environmental variables, which are con-
sidered to be the driving forces of (hypothesized) processes: The 
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null-hypothesis that the studied variable does not influence the 
pathway or rate of succession is tested with statistical methods. 
Alternatively (for dynamic models) process parameters are es-
timated from the environmental variables and used to simulate 
vegetation dynamics, which can be compared to the observed 
vegetation dynamics. In the following paragraphs these four types 
of models will be discussed in more detail. 
Static descriptive models 
Many examples can be found in the literature m which a time 
series (dynamic analysis), a zonation or a series of abandoned 
fields of different age (static analysis) are analysed to 
describe the changes in community composition. A correct analysis 
of succession is only possible for data collected in permanent 
plots (e.g. Williams, 1978; Hogeweg, 1976; van der Maarel, 
1980; van Hecke, 1980; Persson, 1980,1984; Helsper et al., 1985; 
Willems, 1983; this thesis, chapters 2,3 and 4). The analysis is 
usually performed with multivariate techniques. Results of 
cluster analysis are often summarized in so-called transition 
schemes (e.g. Londo, 1974) or transition matrices (e.g. van 
Hulst, 1979; van Dorp et al., 1985; van der Maarel et al., 1985), 
which can be further used for a transition matrix model (dynamic 
descriptive). Results of ordination are usually interpreted by 
relating time to the axes (e,g, Persson, 1984; van Hecke et al., 
1981; Helsper et al., 1985). A combined approach where centroids 
of clusters are analysed with ordination (Hogeweg, 1976; Persson, 
1984) may be considered very effective (van der Maarel & Werger, 
1978). Because noise is eliminated by the clustering the results 
of the ordination are easier to interpret. A two-step ordination 
approach is also possible (this thesis, chapter 2). 
An alternative approach, emphasizing the individualistic 
character of the species is univariate analysis by means of 
regression analysis (e.g. Austin, 1980; Austin et al.,1984; this 
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thesis, chapter 3) or statistical tests (e.g. this thesis, chap-
ter 4). This approach however to a certain extent ignores the in-
teractions between species populations. 
When data are collected from zonations or from a series of 
differently aged abandoned fields (e.g. Glenn-Lewin, 1980; Ludi, 
1958; Westhoff, 1947) the ages of the different zones or fields 
cannot always be determined with sufficient accuracy. Even more 
important is the discussion whether the zonations or abandoned 
fields really express differences in time of development or that 
the observed differences should be ascribed to different environ-
mental conditions, which in turn could result from spatial as 
well as temporal differences. 
Other problems arise when time series are derived from pol-
len data. Although the pollen data may be very accurate there are 
uncertainties on the relation between pollen data and species 
abundances. Prentice (1982) developed a theoretical model to es-
timate species abundances from pollen data. The relatively scarce 
availability of long and accurate time series hampers testing of 
statistical hypotheses crucial for conceptual succession models. 
Static explanatory models 
When environmental variables are measured or treatments are 
applied statistical methods might detect or even proof relation-
ships between the responses of the species during succession and 
environmental variables (this thesis, chapter 3 and 4). Austin 
(1981) mentions seven possible components of a study design for 
vegetation dynamics research which ideally should be considered 
as necessary for a suitable experiment. Only if any experiment 
would include these seven components, meet the right conditions 
for statistical hypothesis testing (e.g. randomisation), and 
could span a period of time in which a pseudo-climax or even a 
climax can be reached, it would be possible to test a sufficient 
number of hypotheses emerging from succession theory. 
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However, examples of sufficiently long time series observed 
in permanent plots under different environmental conditions or 
different treatments are few. Well-known examples are the Park 
Grass plots at Rothamsted (e.g. Williams, 1978) which seem to 
have reached a botanical equilibrium (Silvertown, 1980) under 
different fertilizer treatments, and the very detailed observa-
tions of A.S. Watt (1957, 1960, 1962, 1971). In woodlands, due to 
the longer life cycles of trees, time series should even span a 
longer period of time. The Miombo burning experiment at Ndola, 
Zambia (Werger, pers.comm.) seems to be the only forest succes-
sion experiment in which stability is reached. 
Experiments for testing hypotheses emanating from particular 
concepts of general succession theory have been reported by 
several authors. Mechanisms for coexistence and competition are 
tested with experiments for instance by Braakhekke (1980), de Wit 
(1960), and Heil (1984). Some of the factors determining the 
regeneration niche have been tested by de Hullu (1985). The ef-
fects of management on production and diversity in grasslands 
have been investigated among others by Harper (1971), Willems 
(1983), and During & Willems (1984). Most of their conclusions 
however might be restricted to grasslands or other structurally 
not complex vegetation types, because similar experiments in 
structurally complicated systems like forests are difficult in 
practice because of the larger time span involved. This larger 
time span is necessary because of the longer life cycles of 
trees, which can include persistent seed banks and seedling banks 
or very slowly growing subcanopy trees. 
Dynamic descriptive models 
Models describing the dynamics of vegetation or ecosystem range 
from verbal models (e.g. Clements, 1916, 1928; Gleason, 1926; 
Egler, 1954; Connell & Slatyer, 1977), giving highly generalized 
descriptions, towards Markov models (van Hulst, 1979; Usher, 
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197 9, 1981; Horn, 1974; Hobbs & Legg, 1984), describing special 
cases in a convenient mathemetical framework. These models are 
not explanatory, because they do not require any hypothesis con-
cerning the functioning of the ecosystem. Only a few authors 
test, whether the assumptions underlying these models are met 
(e.g. Usher, 1981; van Hulst, 1979; Lippe et al., 1985). However, 
Markov models like the one of Hobbs & Legg (1984), although 
descriptive by nature, can be used very well for hypothesis 
testing, as Hobbs S Legg (1984) did, showing the importance of 
the initial floristic composition (Egler, 1954) m secondary 
heathland succession. 
Dynamic explanatory models 
Dynamic explanatory models utilize knowledge of and complex 
hypotheses about the processes causing succession. The results of 
these models are compared with real data to draw conclusions 
about the (hypothesized) processes. The comparison between model 
and reality is made with two basically different procedures (e.g. 
Shugart & West, 1980): 
. Verification procedures: Tests whether a model can be made con-
sistent with some set of observations. 
. Validation procedures, in which the agreement of the model with 
a set of observations that are independent of the observations 
used to structure the model and to estimate its parameters is 
tested. 
In addition to these procedures often a sensitivity analysis is 
performed to estimate the effects of changing model parameters. 
This might also give an indication of the (relative) importance 
of certain (hypothesized) processes. 
Dynamic explanatory models are a very important tool for 
testing (parts of) succession theory, especially those models 
which make use of so-called 'individual attributes' (e.g. Noble S 
Slatyer, 1977; Botkin et al., 1972; Shugart Ä Noble, 1981; 
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Shugart S West, 1977; this thesis, chapters 5 and 6). 
Shugart(1984) mentions three fundamental elements of the 
individual-attnbutes-denved theory that can be tested by the 
use of manipulable mathematical models, formulated to explore the 
long-term theoretical implications of interactions of the 
dominant organisms in ecosystems: 
The importance of competition as an underlying mechanism in 
species composition dynamics (coupled with a denial of the impor-
tance of facilitation). However, in my opinion it can not be 
denied that facilitation must play an important role in succes-
sion when starting in a system far from maturity. By denying 
facilitation these models are only valid for (relatively short 
periods of) secondary succession. 
. The importance of the dynamics of the dominant species in a 
community. The logic of using population mechanisms (birth, 
death, competition, prédation, migration, dispersal etc.) and the 
ease with which modern evolutionary theory can be attached to a 
population-based succession theory are the main reasons for the 
recognition of the importance of this aspect (Shugart, 1984). 
. A denial of the concept of a climax community, coupled with the 
recognition of the non-equilibrium nature of most ecosystems in 
the present time. According to Shugart this non-equilibrium na-
ture is caused by climatic change which causes alterations in the 
distribution of species, management, blights, and disturbances 
caused by man. Additionally, he mentions the definite unstability 
of small scale spatial units. However, the climax concept can be 
of great value as a theoretical state of equilibrium, although in 
reality this equilibrium is changing (Webb, 1986; Prentice, 1986) 
but apparently much slower than the rate at which the ecosystems 
reach this equilibrium. Moreover individual-attnbutes-based 
models are also used to predict a dynamic equilibrium on a spa-
tial scale which is several order of magnitudes larger than the 
spatial scale of the models themselves. 
Ecosystem theoretical models tend to focus the attention 
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towards system parameters like productivity and diversity, 
without taking considerable notice of the species composition. 
These models study the material content and input/output balance 
of ecosystems as a response to e.g. carbon fixation in plants, 
microbial decomposition rates and soil mineralization rates, 
which in turn are strongly controlled by abiotic factors (e.g. 
climatic factors and the soil matrix). These models, by their 
nature, emphasize the organismic (holistic) view on ecosystems 
(e.g. Lindeman, 1942; Odum, 1960; Margalef, 1963, 1975; Orians, 
1975) and the deterministic nature of succession. 
1.3 Temporal and spatial scales in the study of succession 
It appears from the preceding section that spatial and tem-
poral scales are very important in the study of succession: 
results will only be interpretable if the chosen temporal and 
spatial scales are appropriate to answer the questions posed. In 
the study of succession observations or experiments concerning 
the same objects but using different scales in time and space are 
quite likely to contradict each other. If the observations or ex-
periments on different scales are indisputable the theories in 
the light of which the data are interpreted must be inappropriate 
(cf Mandelbrot, 1977, page 20-21). I will argue here that dif-
ferent points of view in succession theory are related to the 
scales in time and space. In very few theories or models all in-
volved scales are explicitly mentioned. The scales that are for-
gotten most are the scales for which the conclusions of the 
models or theories are valid. 
Spatial and temporal scales appear also to be related to 
each other. Osmond et al. (1980) give a scheme of scaling of 
state descriptions by spatial dimensions and of processes by 
relaxation times. They arbitrarily match the space and time 
scales: "Practically all of the states and processes of plant 
physiology and ecology are encompassed by the span of approxi-
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Fig, 2. Relevant scales in vascular plant ecology. 
consists of) or maybe even some smaller area, the area over which 
the influence of an individual plant stretches. It does not seem 
unrealistic to postulate some kind of relationship between the 
size of individual plants in the community and the relaxation 
time of the community: The relaxation time of the community 
largely depends on the relaxation time for the populations, which 
are related to the generation time of the species, which in turn 
is roughly related to the size of the species. 
Figures 1 and 2 suggest a continuum in space and time 
scales, which at least for the relevant time scales in ecology 
appears to be an illusion: The important processes may be regu-
lated to a large extent by fluctuations (cyclic or less regular) 
in the environment. Seasonal fluctuations obviously are the most 
important, but also climatic fluctuations in the order of 10-500 
years may be important. The effects of these long-term climatic 
fluctuations can easily be confused with succession. A similar 
problem arises for the spatial scale: Environmental heterogeneity 
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imposes a pattern on the vegetation which may not always be dis­
tinguished easily from the spatial pattern inherent to the com­
munity structure. 
The preceding paragraphs indicated some of the many problems 
that should be considered when choosing spatial and temporal 
scales. In the following I will try to give some indication 
(without proof) of appropriate scales for research into 
succession. I will distinguish between two types of spatial and 
temporal scales, which I call internal and external scales. In­
ternal scales (or resolution) are the time between observations, 
the duration of experiments, spatial resolution, dimensions of 
individual plots etc. External scales are, for example, the total 
area involved, time span over which changes in community composi­
tion are to be explained, and range of validity for conclusions. 
Appropriate internal spatial scales in vegetation studies 
vary from the order of magnitude of one or a few individual 
plants (1cm -1000m , depending on the successional stage) 
towards the area which is sufficient to give a reasonable 
description of the community as a whole (100cm -1Oha). The exter­
nal spatial scale may vary from this so-called descriptive mini­
mum area towards the area of a continent or a climatic zone. The 
order of magnitude of temporal resolution varies from a few weeks 
(succession in communities of annual plants) to several hundreds 
of years (succession in forest communities in the temperate 
zones). 
Individual plants (and the vegetation as a whole) largely 
respond to average weather over a longer period (climate, cf. 
Brubaker, 1981; Prentice, 19Θ6). Therefore the smallest internal 
scale in this respect must be in the order of a few days, a 
period of time that seems reasonable as response time towards 
variation in weather for small annual plants (spatial scale 1cm-
1m). For trees (spatial scale 5-50m) a more realistic lower limit 
for the internal time scale is in the order of 1 year (which is 
the period of time used in most gap models). The other end of the 
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range of appropriate internal scales is determined by processes 
like soil formation and accumulation of organic matter. These 
processes may take many years or even centuries, the appropriate 
related spatial scale is the scale of the community. 
By enlarging the internal scales the study type may shift 
from explanatory towards descriptive, by enlarging the external 
scales the range of validity for conclusions becomes larger: con-
clusions are more general. 
External temporal scales may range from a few months towards 
several thousands of years. The effects of changing the temporal 
scales are partly different from the effects of changing spatial 
scales. The internal scales for descriptive studies are deter-
mined by the scales of the succession process, for explanatory 
studies the scales are determined by the scales of the mechanisms 
involved. 
For both internal and external time scales there is one 
restriction: The time scales should be related to the time scale 
of the relevant fluctuations in the environment. Therefore in 
many cases the year is the appropriate unit of time. It can be 
divided by whole numbers into arbitrary smaller units if the time 
scale of the processes or mechanisms is smaller, or it can be 
combined into larger units of several years. The much finer daily 
cycles are at least one order of magnitude too small for succes-
sional processes in any community of vascular plants. Larger 
scale climatic fluctuations tend to more irregularity. In order 
to detect these a time scale of an order of magnitude smaller 
than the fluctuations is the largest possible time scale. Dis-
tinction between succession and changes caused by climatic fluc-
tuation is impossible if the time scale of the successional 
process investigated is of the same order of magnitude as the 
climatic fluctuation and the external time scale of the research 
does not exceed these. 
If so little can be said explicitly about the choice of spa-
tial and temporal scales, the choice of the right combination of 
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both scales is even more difficult. It seems clear that the 
relationship between spatial and temporal scales as given in 
Figures 1 and 2 is different for different objectives of study. 
23 
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CHAPTER 2 
INDIVIDUAL DIFFERENCES SCALING, A USEFUL TOOL 
FOR EXPLORATION OF NOISY SUCCESSION DATA. 
submitted to Vegetatio 
INDIVIDUAL DIFFERENCES SCALING, A USEFUL TOOL FOR EXPLORATION OF 
NOISY SUCCESSION DATA. 
Abstract 
A grassland management experiment involving mowing and 
manuring is described. A two-step ordination method is proposed 
to reveal the structure in the data. Successive application of 
two ordination techniques (Detrended Correspondence Analysis 
(Hill & Gauch, 1979) and Individual Differences Scaling (Carroll 
& Chang, 1970)) gives evidence of the impact of previous land 
use, soil texture and management on the vegetation. The major 
variability caused by different management in the past is shown 
to decrease in time. At the same time variation caused by dif-
ferent management during the experiment is increasing. Year to 
year fluctuations in the weather are not shown to influence the 
composition of the vegetation, except for one extremely dry year, 
which is possibly due to the fact that year to year fluctuations 
in the weather are mixed up with seasonal fluctuations and dif-
ferent observers. 
Introduction 
Development of vegetation under different management condi-
tions has been the object of many studies involving observations 
over a long period of time. The outcome of a management experi-
ment can be analysed for separate species using analysis of 
variance or regression analysis (e.g. Austin & Belbin, 1984). On 
the other hand, with experimental or observational data for many 
species or when many other factors could influence the results of 
the experiment, analysis involving some ordination technique is 
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an appropriate way to detect the structure in the data without 
the use of a priori knowledge of these factors (e.g. Austin, 
1977) 
Interpretation of the results of the ordination can be dif-
ficult if many plots are analysed simultaneously, because of spa-
tial heterogeneity. To overcome this difficulty one could for ex-
ample apply principal components analysis to single plots and 
give an interpretation of the resulting PCA biplots (Gabriel, 
1971; ter Braak, 1983). Another solution is the two-step proce-
dure (Hogeweg, 1976; Persson, 1984) m which the data are first 
clustered and the centroids of the clusters are subsequently 
ordinated. Persson (1984) applies relocative centroid sorting as 
supplied by program TABORD (van der Maarel et al., 1978) and or-
dinates the cluster centroids by means of PCA. In this way noise 
is reduced by excluding small scale temporal and spatial 
heterogeneity from the ordination analysis. His ordination 
reveals two distinct directions of variation, one of which repre-
sents temporal development of all plots. The second direction 
represents the spatial differences between plots. Both methods 
have their own advantages: Application of principal components 
analysis or some other ordination technique to an individual plot 
excludes spatial variation from the analysis, but doing this the 
results are casuistic: the interpretation can only reveal special 
information for each plot and general conclusions cannot easily 
be drawn from the separate results. However, in this way small 
scale temporal fluctuations can be detected, whereas in an or-
dination of all plots simultaneously spatial differences between 
plots and large scale temporal trends are more likely to over-
shadow the small scale temporal fluctuations. Persson on the 
other hand, by ordinatmg cluster centroids excludes small scale 
temporal fluctuations and spatial heterogeneity, thus giving a 
clear pattern of the large scale spatial and temporal trends. 
The use of permanent quadrats is the only way to study tem-
poral and spatial heterogeneity simultaneously (Austin, 1981). 
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Till now, less attention has 
been paid to the detailed 
study of dynamics in inter­
mediate stages (between the 
endpoints of succession) than 
to the endpoints of succession 
(Persson, 1984). This paper is 
dealing with an analysis based 
on the total species composi­
tion of 19 plots during 12 
years of secondary succession 
in a former orchard near 
Nijmegen, the Netherlands (van 
der Maarel, 1980). Two ordina­
tion techniques will be used 
to give an overall analysis of 
the effects of spatial 
heterogeneity and different 
management conditions on the 
vegetation in a relatively 
short term experiment. The 
method proposed separates spa­
tial heterogeneity and dif­
ferences in management regimes 
from temporal trends and 
fluctuations. In this way the 
ordination can reveal both 
small scale and large scale 
spatial heterogeneity as well 
as temporal trends and 
fluctuations. 
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Figure 1. A nap of the experl«ental area. In 
each p lot a graph Ind icates the mowing 
regime: 0 « no mowing, 1 - mowing In l a t e 
summer, 2 . mowing In late spring and In la te 
summer. Other treatments are Indicated below 
the graphs (see text and table 1) 
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The experimental site 
In 1969 the University of Nijmegen (the Netherlands) got 
permission from the State Forestry Service (Staats Bosbeheer, 
SBB) to set up an experiment on the north slope of the 
"Wylerberg", a part of the push moraine east of Nijmegen at 40 m 
above sea level. An apple orchard and the grassland next to it 
were chosen as the experimental area. The top soil layer of the 
eastern part (the former orchard) consists of relatively moist, 
loamy sand, the western part has more coarse sand and is there­
fore better drained and dryer (van der Maarel, 1980). A series of 
twelve 7m χ 10m experimental plots was established in the orchard 
part in 1970. A second series of eight plots was established two 
years later in the grassland part next to the former orchard 
(Figure 1). The main purpose of the experiment was to describe 
the effects of impoverishing the soil by mowing and removal of 
the above ground biomass shortly after peak standing crop. More 
treatments were given to show the effects of fertilizers (plot 
10, 14, 16, 18). The effect of promoting nitrogen mineralisation 
by furrowing (plot 9) or application of lime (plot 4) and the ef­
fect of changing carbon/nitrogen ratio by adding peat to the top 
soil (plot 5). The amounts of fertilizers, peat, marl and Mg/Ca 
carbonate are listed in Table 1 . From plot 8 ten centimeters of 
top soil were removed to remove a major part of the available 
nutrients. To study the effect of combinations of treatments on a 
much smaller scale plot 6 was divided into eight areas in which 
different treatments and combinations of treatments were applied. 
This plot is excluded from the analysis. As can be seen from 
Figure 1 the treatments are not assigned at random, and for many 
treatments there is no replication. 
Data were collected in all plots twice a year (in spring and m 
summer) by students. Because of the extremely large size of the 
plots they were divided into four quarters. A Braun-Blanquet 
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analysis was made for each quarter and spring data were combined 
Treatment Amount Description 
Marl 
Peat 
NPK 
MgCa 
Urea 
2 kg.m~2.y"1 
1.5 І.пГ^у-1 
0.15 kg.m-2.y-1 
0.7 kg.m-2.y-1 
0.15 kg.m-2.y"1 
(added to change the C/N ratio) 
ASF pellets (NH4:1Юз:P04:K2S04=6:6:10:18) 
СаСОз + МдСОз 
Table 1. Treatment levels for the varloue treatments. Refer to figure 1, which indicates 
the plots and periods of time. 
with summer data by taking the largest cover-abundance value from 
both analyses for each species. Prior to analysis cover abundance 
values were transformed to the ordinal scale as proposed by van 
der Maarel (1979). 
A careful inspection of the data was made in 1984. From this in­
spection it became clear, that not all of the observers had the 
same ability to estimate cover with an acceptable degree of 
precision. Some of the remarkable variation in recorded cover 
values may result from this. Part of the variation may also be 
due, however, to seasonal fluctuations in sampling dates since 
the second field analysis took place in different months over the 
years (varying from june to august). Apart from these errors in 
the data several coding errors have been made: species are 
omitted or their cover-abundance values are extremely high or low 
in comparison with previous and following years in the same sub­
plot or compared to the other quarters in the same plot. Even 
such quite obvious errors are not corrected to show the power of 
the analysis. Only one subplot is analysed because (as can be 
expected) the subplots within one large plot are strongly 
correlated. Averaging over four subplots would have resulted in 
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less noise because of elimination of coding errors, but for the 
same reason, showing the power of the analysis, this is not done. 
To obtain comparable data for each plot (plots 13-20 were estab-
lished in 1972, two years after the experiment started) observa-
tions over the years 1970 and 1971 are excluded. Direct effects 
of drastic changes in management are therefore not analysed for 
most plots except plots 14,16 and 18, in which urea was applied 
in 1973 and 1974 (plot 14 also 1975). 
Methods 
Several ordination analyses have been made using PCA and 
Detrended Correspondence Analysis (DECORANA, Hill and Gauch, 
1979), but all they revealed were the special characteristics of 
each plot and, apart from certain trends already described by van 
der Maarel (1980) for some special cases, there is no clear over-
all trend visible. 
A second ordination analysis was performed using Individual Dif-
ferences Scaling (Carrol and Chang, 1970) as supplied m ALSCAL 
(Takane et al., 1976). Individual Differences Scaling is a 
technique, in which several matrices of proximity available for 
the same objects are used for the construction of one ordination 
space. Each proximity matrix is a two-way array, several matrices 
together form a three-way array, so sometimes this technique is 
referred to as three-way multidimensional scaling. The INDSCAL 
model exploits the differences among the several matrices to 
achieve a unique orientation of the ordination axes (Kruskal & 
Wish, 1978). INDSCAL is developed for use in psychology and 
sociology, where data are commonly obtained by asking several 
people (the subjects) to ]udge the "psychological distance" 
(similarity, dissimilarity) between "stimulus objects". Like two-
way multidimensional scaling INDSCAL determines a configuration 
of points (one for each object), the so-called "group stimulus 
space", but next to this group stimulus space a second space is 
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constructed. This additional space (the "weight space" or 
"subject space") describes the relations among subjects. The con­
figuration of the objects can be constructed for each subject 
separately by stretching or shrinking the axes of the group con­
figuration by multiplication with the square roots of the subject 
weights. When we apply this technique to successional data from 
permanent quadrats using the year to year plot by plot dis­
similarity matrices there is an analogous interpretation for the 
spaces mentioned above: The group stimulus space can be inter­
preted as the "overall spatial heterogeneity space" and the sub­
ject space can be interpreted as the "development in time space". 
This latter space reflects the change in importance of certain 
differences in the various matrices. Since in contrast to the ap­
plications m psychology the "subjects" are related to each other 
by the fact that they represent subsequent years, the subject 
space shows the trends and fluctuations over the years. However, 
there is one problem: Since only proximity data are computed 
within one year, an overall trend in the development will be 
neglected. If all plots change in the same way and therefore the 
proximity matrix does not change in time, the analysis will fail 
to show the trend. 
A goodness of fit measure widely used in multidimensional scaling 
is "stress", which is the square root of a normalized residual 
sum of squares (Kruskal S Wish, 1978). The ALSCAL program mini­
mizes a very similar quantity (which is called s-stress) in an 
iterative algorithm to achieve a solution with maximal fit of the 
distances in the ordination space to the original dissimilarity 
matrices. 
The choice of a dissimilarity function was the largest problem in 
the application of INDSCAL. Several proximity functions have been 
tried (Euclidean distance, Jaccard index, S^rensen index and 
Similarity Ratio, see e.g. Wishart, 197Θ), but most of them 
(because of lack of ecological interpretability) did not result 
in a clear pattern, unless the group stimulus space was computed 
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using a subset of the proximity matrices. 
Stepwise "noise reduction" seemed to be possible by using the 
DECORANA output information as input for INDSCAL. Both ordination 
techniques have different features and combination leads to an 
ordination model in which positive aspects of both techniques are 
expressed. To achieve this combination the "ecological distance" 
between samples for each year is defined as the Euclidean Dis-
tance between sample points m Detrended Correspondence Analysis 
ordination space. All samples over all years were ordinated 
together with DECORANA, rare species were downweighted. Two runs 
were made, one for presence/absence data and one using the 
original ordinal scale. Distances were computed between samples 
within the same year and the distance matrices for each year were 
supplied as input for ALSCAL (options: model INDSCAL, level 
ratio), and solutions in two to four dimensions were computed 
(Table 2). Computing a higher dimensional solution was considered 
to be obsolete, because the input for ALSCAL is essentially 
Dim. s-stress stressi min max RSQ 
2 0 . 3 4 0 0 . 2 4 4 0 . 2 0 8 0 . 2 7 8 0 . 7 2 6 
3 0 . 2 7 2 0 . 1 9 5 0 . 1 6 1 0 . 2 2 4 0 . 7 9 7 
4 0 .246 0.174 0 .138 0 .209 0 .829 
Table 2. Stress values obtained in three INDSCAL runs* Dim. is the number of diHensions, 
s-stress is Youngs s-stress minimized by ALSCAL, stressi is Kruskals stress formula 1, min 
and max are the minimum and maximum stressi values for individual year to year matrices, 
RSQ is the coefficient of determination. 
4-dimensional (the four DECORANA axes). From these solutions the 
4-dimensional one was arbitrarily chosen, considering the stress 
and the interpretability of the ordination axes. 
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Results 
Only results of the analysis for species abundance data will be 
discussed in detail. Where relevant differences with the 
presence-absence data will be mentioned. The overall trend, 
expressed along axes 1 and 3, is extracted from the DECORANA out-
put by computation of the centre of gravity for the sample points 
within each year. Results are presented for some representative 
plots in Figures 2 and 3. Figure 3 also shows the overall trend 
for all plots. Interpretation of the ordination diagrams is dif-
ficult because of the different behaviour of different plots. 
Plot 20 seems to be merely fluctuating, while plots 1,16 and 18, 
being mown also, show a trend. The not mown plots 2 and 19 show 
slight trends in different directions. Figure 3a shows the 
average trend on axis 1 and 3 (dotted line) and the positions of 
plots 1, 16 and 20. Figure 3b shows the same trend (solid line 
without numbers) and the positions of plots 2, 18 and 19. Plot 1 
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Figure 2. DECORANA ordination axes 1 and 2. Solid lines indicate mowing, dashed lines in-
dicate plots which are not mown. Only a few representative examples are given. 
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Figure 3. DECORANA ordination axes 1 and 3. a. Changes in plots 1, 16 and 20 (»olid lines 
and in the centroid of all plots (dashed line). Ь Changes in plots 2 and_ 19 (not »own, 
dashed lines) plot 18 (solid line indicated Kith '18') and in the centroid of all plots 
(solid line, sane as dashed line in figure 3a.) 43 
and 2 (heavily manured till 1968) show a different behaviour: 
Plot 1 is moving along axis 1 towards the position of the plots 
in the former grassland, indicating that mowing has the desired 
effect of changing the vegetation towards a stand more repre-
sentative of less fertilized conditions. Plot 2 shifts along axis 
3, but fluctuates in respect to axes 1 and 2. Plot 20 (management 
not changed) shows fluctuations, where plot 19 (management 
changed from mowing to not mowing) shifts to higher scores on the 
first axis and than starts fluctuating. Plots 16 and 18 show the 
development of a ruderal vegetation when fertilized with urea (a 
shift towards high scores on the first axis) and a shift back 
towards the previous type of grassland after fertilization 
stops.Plot 16 seems to change more rapidly than plot 18, also 
before the management was changed into mowing twice a year in 
1979 (indicated by a thicker line). All plots shift to higher 
scores on axis 3, mainly caused by elimination of the annual 
species (e.g. Viola arvensis, Capsella bursa-pastoris, 
Mercurialis annua and Arabidopsis thaliana) in the closing 
canopy. This can be derived from the species ordination diagram 
(not presented) where these species score low on axis 3. The 
shift of the centroid along axis 1 is caused by changes in pre-
viously heavy manured plots and starts (like the shift along axis 
3) after the very dry summer of 1976. This could be explained by 
the fact, that the dry summer creates more free space in the next 
years. In the beginning the gaps are occupied by some annuals as 
well as by newly establishing perennials. By competition the an-
nuals are excluded and the now established perennial species 
gradually take over. Species showing this kind of reaction are 
Arrhenatherum elatius and Campanula rapunculus. The changes along 
axes 1 and 2 cannot be interpreted in the same way for all plots 
(directions not directly representing management conditions). The 
INDSCAL ordination gives a result that is easier to interpret for 
all plots simultaneously. The spatial heterogeneity as expressed 
in the group stimulus space is shown in Figure 4 and 5 (axis 1 
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Figure 4. INDSCAL 'stimulus space', axis 1 against axis 2. Lines connecting adjacent plots 
indicate differences related to treatment: Solid lines for mowing regimes, dotted lines 
for fertilization, dashed lines connect plots treated with marl, HgCO^+CaCO? or peat with 
nearby plots without treatment (Refer to figure 1 and Table 1 for treatments'). 
AXIS3 
Figure 5. INDSCAL 'stimulus space', axis 1 against axis 3. The Interpretation given in the 
figure is explained In the text. Refer to Figure 4 for explanation of the lines connecting 
piota. 
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against 2 resp. axis 2 against 3). The fourth axis does not seem 
to have a clear interpretation, although there are some 
indications, that this axis somehow reflects seasonal fluctua-
tions or systematic bias caused by observers. In both figures 
lines are drawn, connecting plots which are near to each other in 
the field, but differ in management. Plots near to each other in 
the field can be expected to have roughly the same soil texture 
and to be treated in the same way during the years preceding the 
experiment. Therefore differences between plots neighbouring each 
other should be mainly ascribed to differences in treatment. 
Solid lines connect neighbouring plots with different mowing 
regimes, dotted lines represent differences in fertilizer treat-
ments (during the first few years of the experiment), dashed 
lines are used for other differences. The trend in soil texture 
is indicated in Figure 5 by an arrow and the border of the or-
chard is indicated as a dashed line. From these figures the in-
terpretation of the ordination is quite clear: 
Axis 1 can be explained mainly by differences in mowing regime, 
mown plots are scoring low, not mown plots are scoring high. 
Axis 2 expresses differences in fertilization during the 
experiment: higher scores for fertilized plots and lower scores 
for unfertilized plots. Plot 8, in which the top soil was removed 
scores extremely low. 
Axis 3 represents the variation in management conditions previous 
to the experiment and a combination of axes 2 and 3 can be inter-
preted as the soil texture gradient. This gradient can be corre-
lated to nutrient level (higher cation exchange capacity for the 
loamy soil) and the previous land use (the heavily manured or-
chard was situated in the loamy part of the area). 
Figure 6 presents the subject weights and clearly indicates that, 
while the weight for axis 1 is increasing, the weights for axes 2 
and 3 decrease. The weight for axis 4 is fluctuating around a low 
value. 
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Figure 6. INDSCAL 'subject weights' for the individual years plotted against time. Solid 
circles axis 1
r
 open circles axis 2, χ axle 3 and + axis 4. The trends in the weights, 
which are explained in the text, are obvious. 
This indicates that spatial heterogeneity caused by previous 
heavy manuring and shade in the orchard is becoming less 
important, while spatial heterogeneity caused by different mowing 
regimes is becoming more important. Towards the end of the obser­
vations the weight for the first axis is leveling off. This can 
be an indication that by this time a more or less stable situa­
tion has been reached. A more detailed inspection shows the ef­
fect of starting urea fertilization in plots 14,16 and 18 in 1973 
(the weight for axis 2 is increasing). At the same time the 
weight for axis 3 is decreasing. An explanation for this effect 
is, that the fertilization in plots 14,16 and 18 in 1973 and 1974 
resembles the heavy manuring of the former orchard. 
The qualitative analysis shows a large and very steep change over 
the years 1977 to 1979 for the axes representing mowing and 
fertilization. Before 1977 and after 1979 the changes are more 
gradual. This reflects a major shift in species compositions in 
the years 1977 to 1979. 
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Discussion 
In comparison with the analysis by van der Maarel (1980) and a 
comparable study by van Hecke et al. (1981) these results are 
more general: Instead of conclusions for separate plots conclu-
sions are drawn for the whole experiment. On the other hand, in 
comparison with the analysis of Persson (1984), a more detailed 
pattern, in time as well as in space, is found by subsequent ap-
plication of two ordination techniques. Problems caused by sys-
tematic bias in the observations are overcome by excluding sys-
tematic year to year shifts in the DECORANA ordination from the 
analysis with INDSCAL. However, this implicates that only those 
effects can be found that are caused by the different management 
of the plots and that systematic trends for the whole area cannot 
be detected. Systematic shifts caused by external factors can be 
analyzed separately by computation of the centre of gravity of 
the sample points in the DECORANA ordination space for each year. 
The analysis performed presents us a generalized view on the 
data, separating effects of the experiment from the effects of 
external factors (including seasonal fluctuation, part of the 
bias caused by different observers and systematic changes in the 
environment). 
The choice of an appropriate (dis)similarity index is very 
difficult, since there is no objective measure for the inter-
pretability of the results. By choosing a subset of matrices in 
which the matrices of the first and the last year and some ex-
treme years in between are included, and fixating the group 
stimulus space it appeared to be possible to extract more inter-
pretable information. This choice of a subset of matrices is sug-
gested in the ALSCAL manual for reasons of computational effort, 
but seems also a way to extract special information from the 
matrices. Nevertheless this way of forcing the stimulus and sub-
ject spaces into an interpretable configuration was considered to 
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be suboptimal, since subjective choice of matrices means that a 
larger part of the information will not be explained by the 
model. 
For this reason the two-step approach was chosen, where the 
detrended correspondence analysis (Hill S Gauch, 1979) result is 
used to compute a sample by sample dissimilarity matrix. Within 
this first step noise is reduced, by excluding the information 
which is not extracted on the four ordination axes. Detrended 
correspondence analysis is a technique in which distances in the 
ordination space can be interpreted as tolerance units of species 
(standard deviations of species turn-over) along gradients. It is 
therefore possible to interpret the distances between successive 
years of the same plot in the ordination space in terms of 
species turn-over. The larger these distances are, the higher is 
the succession rate. This is reflected in the rates of change in 
the weights in the INDSCAL ordination. 
This clear interpretation however is not sufficient to answer the 
question whether harvesting is impoverishing the soil. Soil 
analyses performed in the area do not indicate a lower nutrient 
content of the soils in mown plots. Other explanations cannot be 
tested, but it seems to be reasonable to give an explanation 
similar to the one of Oomes & Mooi (1981) and Bakker et 
al.(1980): The changes in structure caused by mowing either lead 
to the creation of more regeneration gaps or favour shade in-
tolerant species. 
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Abstract 
Changes in the performance of 19 species are analysed in the 
understory of a former orchard over a 13 year period, following 
removal of the fruit trees and the establishment of various 
management regimes. The experimental area is situated on a slope 
of the push moraine east of Nijmegen, The Netherlands. It con-
sists of a loamy part, which was heavily fertilized until 1968 
and a more sandy part which had been abandoned much earlier. The 
effects of different management regimes on the presence or ab-
sence of the species is analysed using logistic regression. 
Cover-abundance data for those plots where the species are 
present are related to the environmental and management variables 
by linear regression. Extremely dry and wet seasons occurred 
during the period of observation, but no evidence can be inferred 
that year to year fluctuations in the weather played an important 
role in the short term secondary succession in this area. 
Introduction 
This study is about vegetation dynamics in a series of per-
manent plots laid out 1969 in a former orchard on the Wylerberg, 
a push moraine east of Nijmegen, The Netherlands. The original 
idea was to do the opposite as in the Rothampsted Park Grass 
plots (Silvertown, 1980; Williams, 1978): to impoverish a com-
paratively rich soil by mowing, sod cutting and/or application of 
marl and peat. An analysis of the overall floristic composition 
of the vegetation and its changes during nine years was given in 
a preliminary report by Van der Maarel (1980). The impact of dif-
ferent management regimes during the first 13 years is analysed 
by Van Tongeren (this thesis, chapter 2). From these reports 
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vegetational responses on mowing of formerly heavily fertilized 
sites, on addition of nitrogen, and on stopping any form of 
management become clear. 
The original experimental set-up includes both a complica-
tion and a shortcoming. The complication was that a major spatial 
heterogeneity was included: part of the plots are situated in a 
formerly heavily fertilized part of the orchard and part in a 
less fertile part which was abandoned much earlier and had become 
a grassland before our experiment started. Moreover there is an 
underlying gradient of more loamy to more sandy substrate. Al-
though this set-up had the advantage of comparing the effects of 
fertilization, it complicates the interpretation of overall 
trends. 
The shortcoming is that most of the treatments could not be 
replicated sufficiently. Our two other reports describe the 
results of classification and ordination applied to the vegeta-
tion analyses and therefore little can be said about the response 
of individual species to the different management regimes. In the 
present study the probability of occurrence for each species un-
der different management regimes and at different positions along 
the loam-sand gradient is analysed using logistic regression, 
species abundances are analysed by general linear models and pos-
sible processes caused by "nucleation" (Yarranton & Morrison, 
1974) or restricted ability for generative spread are inves-
tigated by visual displays of species abundances m the ex-
perimental area. 
As Austin(1981) emphasized temporal fluctuations and spatial 
heterogeneity should not be ignored in the study of vegetation 
dynamics. Therefore the aim of this study is to partition the 
variability in species composition and species abundances m an 
experiment into its components: spatial variability, successional 
trends independent of management, successional trends dependent 
on management and year to year fluctuations in the weather (cf 
Austin & Belbin, 1981). 
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Material and methods 
The experiments are carried out in a former orchard on a 
loamy to sandy soil, situated on a slope of the push moraine east 
of Nijmegen, The Netherlands. It consists of two parts: a south-
eastern part on loamy soil which was managed as an apple orchard 
(including heavy manuring with urea) until 1969, and a north-
western part on more sandy soil which was abandoned much earlier. 
Twelve plots were laid out in the SE part 1970 and 8 plots 1972 
in the NW part. They lie in two rows on the slope and are sub-
mitted to different treatments: Mowing once or twice a year, sod 
cutting (first year) and/or application of marl or peat. During 
the first few years some plots were fertilized, and some plots 
were left alone altogether. Braun-Blanquet cover-abundance values 
were estimated twice a year in each plot: in May-June and in 
July-August. For each species the larger estimate of either 
values is used for the analysis. 
Two kinds of regression analysis were applied to the data: 
logistic regression (Neider & Wedderburn, 1972; Mc Gullagh & 
Neider, 1983; Austin et al., 1984) for presence absence data and 
general linear models for the quantitative species scores where 
the species is present. In both cases the following set of inde-
pendent variables was used: coordinates (X,Y) of the plots, time 
in years since the start of the experiment (T), number of years 
in which the plot was mown (nM), and number of times a fertilizer 
was applied. Dummy variables were included to indicate furrowing 
and sod cutting and the time of mowing in each year. 
Logistic regression was performed with procedure LOGIST 
(Harrell, 1980) as supplied in the program package SAS (anon., 
1982). In this regression model the probability that a species is 
present is estimated under the following assumptions: 
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Let Y, denote the dependent var iab le for the i - t h observation and 
l e t t h e v e c t o r of i n d e p e n d e n t v a r i a b l e s be Xj^  
( x i 1 ' x i 2 ' x i n ) 
Then 
x i B = xi1*B1 + xi2*B2 + + Xin*Bn 
where B=(B1,B2, '
B
n' denotes the vector of regression 
parameters. Maximum likelihood estimates are computed by the 
Newton-Raphson method under the assumption that the probability 
that a species is present is given by: 
Ρ ( Y1=1 ) = 1 / 1 + exp ( -X1B ) 
An intercept parameter is estimated by setting X ^ to 1 for each 
observation. 
General linear models were applied to the estimated cover-
abundance values, coded in a 1 to 9 scale (van der Maarel, 1979), 
which approximately represents a logarithmic transformation of 
cover percentages. Sites in which a species is absent were ex­
cluded from this analysis. 
In both regression analyses the additional effect of each 
independent variable was tested: The effects of mowing are tested 
after correction for linear spatial differences, and the effects 
of other treatments are tested after correction for linear spa­
tial differences and linear effects of mowing. In the first 
analysis other than mowing treatments were not considered, in the 
second analysis the possible effects of other treatments 
(fertilization, sod cutting, furrowing and application of marl, 
peat and MgCO^) are investigated. 
The experiment did not provide real replication for these 
treatments, so that a test for significance of the effects is 
impossible. 
Results 
Out of a total of 121 species 19 species were left for which 
at least one of the regression parameters is significantly dif-
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ferent from zero. Table 1 summarizes the results of the logistic 
regression for species with at least one significant regression 
parameter. The species are arranged roughly into three groups: 
The first group includes the species the presence of which is not 
significantly related to the mowing regime. The second group of 
species consists of species which are either appearing (Taraxacum 
sect. Vulgana, Aqrostis tenuis and Ranunculus repens) or disap-
pearing (Lamium maculatum and Galium aparine) when plots are mown 
repeatedly. The third group includes species reacting sig-
nificantly on mowing in spring: Poa pratensis, Bromus mollis (and 
Anthriscus sylvestris) have a larger probability of occurrence in 
plots mown in spring, whereas Glechoma hederacea, Elytngia 
repens and Dactylis glomerata are less probable. 
Spatial heterogeneity in the area for most species is indi-
cated by the large number of significant regression parameters 
for the X- and Y-coordinates. Campanula rapunculus, Ar-
rhenatherum elatius and Anthriscus sylvestris are more likely to 
occur in the north-western part of the area, which is better 
drained due to a larger proportion of sand in the soil (van der 
Maarel, 1980). The opposite applies to Lamium maculatum, Rumex 
obtusifolius, Galium aparine. Ranunculus repens, Calystegia 
sepium and Dactylis glomerata, being almost restricted to the 
older (south-eastern) part of the orchard. Significant parameters 
for the Y-coordinate are more difficult to interpret, because all 
fertilizer treatments are located in the lower row, which is rep 
resented by the higher Y-coordinate (this in order to prevent 
eventual effects on other plots through run-off). 
Table 2 summarizes the results with quantitative data. Here 
the species are roughly arranged according to their probable 
reaction on repeated mowing. Galium aparine, Lamium maculatum, 
Urtica dioica and Calystegia sepium are significantly less abun-
dant and Arrhenatherum elatius. Campanula rapunculus (slightly 
significant), Poa trivialis, Heracleum sphondylium and Melandnum 
rubrum are more abundant in the repeatedly mown plots.Parameter 
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Species 
Spatial and temporal variables and treatments 
_§£_ ПН Int 
Anthrlscus s y l v e s t r i s β 
Arrhenatherun e l a t l u s 204 
CampanulA rapunculus 60 
Helandrluffl rubruffl 59 
Calys teg ia seplua 19S 
RuneK o b t u s l f o l i u · 62 
Poa t r l v l a l l s 218 
Ranunculus repens 61 
Taraxacum s e c t . Vulqaria 201 
Agrost l s t e n u i s 177 
Galium aparine 40 
Lamium maculatum 115 
Poa p r a t e n s i s 46 
Dromua m o l l i s 111 
Glechofna hederacea 100 
E l y t r l g l a repens 20Θ 
D a c t v l l s qlomerata 235 
0 . 9 9 6 . 8 2 . 0 1 * 
0 . 7 7 1 7 . 6 8 . 0 0 » 
0 . 6 0 2 8 . 7 7 . 0 0 * 
- 0 . 2 2 4 . 5 9 . 0 3 « 
- 0 . 2 2 1 0 . 8 4 . 0 0 · 
- 8 . 7 4 2 9 . 9 8 . 0 0 * 
- 0 . 1 2 1.54 . 2 1 
- 4 . 2 4 2 0 . 6 Э . 0 0 * 
0 . 1 3 1.69 . 1 9 
. 0 6 4 1.08 . 3 0 
- 0 . 3 8 1 8 . 7 3 . 0 0 * 
- 0 . 5 2 3 8 . 4 2 . 0 0 » 
0 . 1 4 3 . 3 4 . 0 7 
0 . 0 3 . 8 5 
3 . 0 5 . 0 8 
4 . 4 4 . 0 4 » 
4 . 8 9 . 0 3 » 
- . 0 1 0 
0 . 1 2 
- 0 . 2 1 
- 1 . 3 3 
- 2 . 9 2 9.26 
0 . 6 9 1 . 7 0 
0.55 0.70 
0 . 4 2 1 . 0 2 
0 . 0 4 0 . 0 0 
1 . 6 0 S . 0 8 
- 1 . 7 5 6 . 8 3 
- 0 . 1 4 0 . 0 S 
- . 0 3 « 0 . 0 1 
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T a b l e 1 
R e s u l t s o f l o g i s t i c r e g r e s s i o n for s p e c i e s p r e s e n c e / a b s e n c e . The columns g i v e r e g r e s s i o n 
c o e f f i c i e n t s , f o l l o w e d by c h l - s q u a r e and s i g n i f i c a n c e . Symbols In t o p o f column: η i s t h e 
number of o c c u r r e n c e s , X i s d i s t a n c e i n a r b i t r a r y u n i t s in n o r t h - w e s t e r n d i r e c t i o n , i . e . 
from t h e loamy t o t h e sandy p a r t , Y i s d i s t a n c e i n a r b i t r a r y u n i t s i n n o r t h - e a s t e r n 
d i r e c t i o n , i . e . down the s l o p e , τ t h e number of y e a r s s i n c e t h e s t a r t o f t h e e x p e r i m e n t , 
Sp mowing i n s p r i n g , nM the number of y e a r s i n which t h e p l o t h a s been mown and I n t the 
i n t e r c e p t . 
Species 
Lamium naculatum 
Urtica dioica 
Calystegla seplum 
Elytrlgla repens 
Rumex obtusifolius 
Ranunculus repens 
Bromus nollis 
Dactylis glomerata 
Poa pratensis 
Taraxacum sect Vulgarla 
Arrhenatherum elatlus 
Campanula rapunculus 
Poa trWialls 
Heracleum sphondyllum 
Helandrium rubrum 
η 
40 
115 
228 
195 
100 
208 
62 
61 
111 
235 
46 
177 
201 
204 
60 
218 
243 
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Int 
1.23 
6.43* 
6.91* 
2.06* 
4.44* 
5.31* 
3.17 
1 .49 
3.15 
5.30* 
2.07* 
2.04· 
2.79» 
1 .40» 
-.76 
4.04* 
3.13* 
2.12 
Spati 
Χ 
0.20 
-.17 
-.03 
-.03 
0.18 
-.03 
-.33 
-.13 
-.05 
-.12 
0.03 
0.07 
-.14 
0.38 
0.18 
0.01 
-.00 
-.16 
al and 
.000 
0.89 
0.56 
0.97 
.001 
.005 
0.03 
.013 
0.15 
.005 
0.31 
0.08 
.001 
.001 
0.08 
0.04 
0.11 
0.23 
temporal vai 
*** 
** 
* 
* 
** 
*** 
*** 
* 
Y 
-0.75 
0.17 
0.03 
0.37 
-0.98 
1 .37 
-1 .08 
0.21 
-0.97 
-0.21 
0.52 
0.13 
-0.44 
0.03 
0.61 
-0.08 
O.ll 
0.91 
г1«blas 
0.99 
0.02 
0.04 
0.92 
0.81 
.001 
.002 
0C9 
0.17 
.011 
0.54 
0.09 
0.46 
0.31 
.001 
0.78 
0.86 
.001 
• 
* 
*#* 
·* 
* 
»*· 
к** 
and treatments 
τ 
0.27 
0.07 
-0.03 
0.28 
-0.10 
-0.08 
-0.05 
0.14 
0.14 
-0.02 
0.02 
0.06 
0.08 
0.16 
-0.06 
-0.11 
0.09 
-1.81 
0.93 
0.08 
.001 
.001 
0.27 
.001 
.001 
.014 
0.33 
0.66 
0.55 
0.67 
.001 
.001 
.026 
.002 
.001 
0,73 
*** 
*** 
*** 
»** 
* 
**· 
*** 
*· 
·*» 
SD 
0.90 
-0.30 
0.57 
-0.15 
-0.44 
-0.40 
0.11 
-0.23 
-0.36 
0.27 
0.60 
0.44 
0.53 
-1.32 
-0.06 
-0.10 
0.68 
-0.03 
.020 
.001 
0.55 
0.15 
0.32 
.067 
0.22 
0.27 
0.40 
0.59 
0.10 
.003 
.015 
.020 
0.91 
0.95 
.001 
0.10 
Su 
1.68 
»»* -1.82 
-1.05 
0.15 
-0.54 
0.31 
1 .15 
1.20 
0.92 
0.13 
0.27 
·* 1.19 
• 0.50 
• 0.22 
0.05 
-0.73 
··· -0.25 
-1.22 
.001 
.001 
.001 
.001 
.031 
0.51 
0.94 
0.23 
0.06 
0.64 
0.37 
.003 
.001 
.011 
.001 
0.14 
.003 
.035 
*** 
*** 
*** 
* 
»* 
**» 
* 
*** 
«* 
* 
П М 
-0.43 
-0.26 
-0.25 
-0.12 
-0.08 
-0.15 
-0.13 
-0.05 
-0.21 
0.06 
0.01 
-0.06 
0.07 
0.13 
0.20 
0.25 
0.28 
1 .76 
.004 
.011 
.001 
.008 
0.30 
0.09 
0.14 
0.18 
0.54 
0.83 
0.84 
0.15 
0.17 
.023 
0.06 
.002 
.005 
.004 
* 
** 
** 
* 
** 
** 
** 
other effects 
U» 
Fu» 
•NPH» U. So­
ll» So- Ma- Mg-
Ut Fu-
U- So-
Fu» 
So. 
NPK» 
Mg-
So- Mg-
U- So« Mg» 
Fu. Ma· 
HPK-
U. 
_NPK* So-
Table 2 
Results of general linear regression for species cover-abundance. Each column gives a 
regression coefficient, followed by its significance in the F-test. For explanation of the 
columns see table 1 (Su is mowing in summer). The effects of other treatments are indi­
cated by + or -: U, NPK are fertilization with urea and NPK respectively, application of 
marl, MgCOj and peat are indicated by Ma, Mg and Pe respectively. So is sod cutting and Fu 
is furrowing. 
estimates for mowing in spring and mowing in summer mainly indi-
cate short term effects caused by mowing and will be discussed 
later. 
Spatial heterogeneity in species cover-abundances is also 
very clear. The patterns of spatial heterogeneity change in time 
due to the fact that management before the start of the experi-
ment was different in the heavily manured part (plots 1 - 12) 
from that in the rest (plots 13-20). Nowadays the pattern is 
largely determined by the management since 1970. This is 
demonstrated in Fig. 1, which gives some examples of the changes 
of species abundances over the area. Urtica dioica for instance 
was very abundant in the former orchard in 1970. In 1972 Urtica 
had become dominant in plot 10, probably reacting upon the NPK 
fertilizing treatment. In the other plots Urtica seems to 
decrease already by then, maybe because organic fertilizing 
stopped in 1969. From 1972 till 1976 there is an increase of Ur-
tica in plots 14,16 and 18 in reaction to the application of urea 
and Urtica also invades plot 13 which is not mown. After urea 
fertilization stopped (in 1975) Urtica decreased over the whole 
experimental site. It remains most abundant, however, in plots 
which are not mown (see also van der Maarel, 1980). 
Taraxacum reacts in the opposite way to the mowing regime. 
At the beginning it is present in low numbers over the whole 
area, and then its abundance increases, especially in plots in 
the manured part of the orchard that have been mown. This indi-
cates that an open vegetation on richer soils is favourable for 
this species. Lamium maculatum shows a more irregular pattern. 
The highest cover is reached in nutrient-rich plots which are not 
mown. At the beginning of the experiment in the early seventies 
Arrhenatherum elatius is more abundant in the area outside the 
former orchard. At the end of the experiment it is more evenly 
spread over the whole experimental area. Its regression parameter 
for nM (the number of times the plot has been mown, table 2) 
suggests that it reacts only slowly to the different mowing 
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Treatments 
1970 1972 1974 1976 1978 1980 1982 
ι hi 
'•III 
ρ? 
! 
l î 
S» 
l· 
-- less than 1 plant per square meter 
·· 1 to 2 plants per square meter 
(¡¡Я 5 - 25 Ss cover 
Bj 25 - 75 * cover 
В cover more than 75 * 
7 cover not estimated 
|!¡ mowing once (in sunnier) 
Ρ
mowing twice (spring and summer) 
Addition of peat 
N Fertilization with HPK 
U Fertilization with urea 
И Marl or МдСОЗ/СаСОЭ 
S Sods cut 
** Various small scale treatments 
Figure 1 
Development of spatial patterns in time. Every two years the co­
ver-abundance values for each plot (averaged over four subplots) 
are mapped, a-e: species mappings, f: treatments. 
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regimes. Campanula rapunculus seems to be spreading from two 
nuclei, mainly in a north-eastern direction, though very slowly. 
It is restricted to mown plots. Other species which show similar 
behaviour are not shown. Their patterns can roughly be inferred 
from the results of the regression analyses. 
Discussion 
Austin (1981) mentions seven components of a study of 
vegetation dynamics, which should be considered as necessary for 
a suitable experiment. From these components three are realized 
in this study:Twenty permanent plots (1), each divided into four 
subplots, were laid out along a gradient (2) and analysed yearly 
(3) over a period of thirteen years. The plots are laid out in a 
grid, which makes a spatial analysis possible. Most changes in 
species cover-abundances during this period are at least 
monotonie and therefore the choice for linear models is made. The 
management regime has been changed several times for a number of 
plots and for that reason also an increase in cover-abundance 
followed by a decrease can be explained by simple linear models. 
Examples of such species are Urtica dioica and Glechoma 
hederacea. which increase by the application of nitrogen fer-
tilizers and decrease again when fertilization stops. 
Most of the species are present in the experimental area 
from the start of the experiment. The different spatial distribu-
tions are supposed to be caused by the environmental gradient, by 
the different management regimes before the experiment started, 
by the different treatments within the experiment, and by dif-
ferences in colonization strategy of the species. Since some of 
the treatments in the experiment are not equally spread over the 
environmental gradient which already existed and most of the 
treatments are not replicated or (like the urea treatment) repli-
cated in contiguous plots, the results for most management 
regimes should be interpreted with caution. Thus, it seems 
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reasonable to devote the main part of this discussion to the ef-
fects of mowing regimes, which as a treatment are more evenly 
spread over the area. 
Although the multivariate analyses applied to the material 
indicate important changes in the botanical composition, which 
are ascribed to differences in mowing regimes and position along 
the environmental gradient (van der Maarel, 1980; van Tongeren, 
this thesis, chapter 2 ) , the performance of relatively few 
species in this analysis (19 out of 121) is significantly related 
to the mowing regime and the environmental gradient. Even this 
number of species is over-estimated due to the fact that the data 
are treated as a random sample, although they are spatially and 
temporally correlated. Other species' performances, however, 
might also be related to the mowing regimes, but the number of 
plots in which they occur is too low or the variation in cover-
abundance values too high to obtain statistically significant 
results. 
The effects of mowing can be ascribed to several physiologi-
cal processes, which are different in their impact, depending on 
the growth stage at which the vegetation is cut (Domes 4 Mooi, 
1981 ). By the application of a consequent mowing regime the 
botanical composition may be affected to a large extent. Cutting, 
especially early in the growing season, interferes drastically 
with the yearly cycle of the vegetation development. With 
repeated changes in the mowing regime, as in this experiment, 
such population responses for most species are not repeatedly in-
fluenced in a systematic way, so that a less clear trend in their 
abundances will result, and consequently in our results few 
species show significant reactions. Also the time of cutting 
shows some variation over the years which is not related to 
yearly variations m time to reach a certain growth stage. 
Grime (1979) distinguished three main growth strategy types. 
Species representative of two of these types, the competitive and 
the ruderal strategy, are most likely to thrive in a productive 
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and regularly disturbed habitat like the Wylerberg. Elytngia 
repens. Arrhenatherum elatius and Urtica dioica show distinct 
characteristics of perennial competitors (Grime S Hunt, 1975). 
Cutting later in the season would favour these species because 
carbohydrates accumulated in below ground parts prior to cutting 
can be used for regrowth in the next growing season (Oomes 4 
Mooi, 1981; Al-Mufti et al., 1977). This study however indicates 
the opposite for Ortica dioica, which is significantly reduced m 
its abundance by mowing in August or September, thereby showing 
its ruderal character (cf. van der Maarel, 1980). Galium apanne, 
as an example of a competitive annual is significantly suppressed 
by mowing in spring, probably due to the fact that seed produc-
tion will be restricted. The increase in Galium apanne upon 
mowing in autumn can be explained by the low vegetation structure 
and open sward, which stimulates the establishment of seedlings 
(Bakker et al., 1980). This creation of regeneration niches 
(Grubb, 1977) may also be the explanation for the increase in 
Bromus mollis (only slightly significant) and the establishment 
of Taraxacum and Campanula rapunculus m larger numbers. The lat-
ter three species all are considered to have strategies inter-
mediate between ruderal and stress tolerant (Grime, 1979). Alter-
natively their increase can be explained by the exhaustion of the 
soil, which was the initial aim of the experiment. Other indica-
tions for this conclusion are the positive effects of MgC03 and 
sod-cutting on Taraxacum and the negative effect of NPK on 
Campanula. However, the design of the experiment does not allow 
an ultimate proof of this effect. The short-lived competitive 
ruderals Heracleum sphondylium and Anthnscus sylvestris seem 
favoured by the slight disturbance caused by mowing and also 
needd the regeneration niche for continuous reestablishment. 
The experimental area is rather isolated from other areas 
with comparable vegetation types, which may explain that till now 
no new species established. Limited dispersion capabilities of 
seeds are expected to be the reason for this, but no evidence can 
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be inferred from our experiment. The experimental area itself is 
surrounded by woods, which further limits invasion through wind-
dispersal. Also within the experimental area some patterns seem 
to provide evidence for limited seed dispersal. Figure 1 shows 
Campanula rapunculus spreading very slowly over the area from 
plot 12 and from plots 19 and 20 in north-eastern direction, not 
invading the dense vegetation in the plots which are not mown. 
There are two possible explanations for this unidirectional 
spread. The first, and least plausible, is that the wind is the 
only driving force. A second explanation is that plots 13 and 14 
(both not cut) form a barrier through which the seeds produced in 
plot 12 can not reach plot 15 and 16. Several other species show-
ing spatial patterns caused by short-distance seed dispersal or 
vegetative spread seem indicated by their distribution patterns. 
For example Ptendium aquilinum, Stellarla holostea and Linaria 
vulgaris are spreading vegetatively. Statistical significance 
however cannot be obtained because of the coarse scale of the 
field analysis, which is large when compared to the observed 
period of time. 
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EFFECTS OF FIRE AND HEATHER BEETLE ON THE DOMINANCE OF HEATHLAND 
SPECIES ON DIFFERENT SOIL TYPES IN THE NETHERLANDS. 
Abstract 
Heathland communities in the Netherlands are frequently 
burnt off and attacked by the heather beetle (Lochmaea suturalis 
Thomps.). A non-parametric and distribution free method is used 
to test for differences between regeneration of four heathland 
species after fire or heather beetle attack on various soil 
types. In some areas regeneration after a disturbance is observed 
to be dependent on the kind of disturbance, while in other areas 
differences are less pronounced. Conclusions from experiments are 
corroborated: It is shown that initial floristics, soil condi­
tions and type of disturbance are important factors in the 
regeneration of heathland. 
Introduction 
The heathlands of the Netherlands until World War II were 
dominated by the dwarf shrubs Calluna vulgaris and Erica 
tot-T-ai i γ in the past few decades a large part of the heathland 
area has become dominated by the grass species Deschampsia 
fTexnnsa, Molinia caerulea and Festuca ovina (De Smidt 1977, Heil 
& Diemont 19Θ3, Berdowski & Zeilinga 1987). Some scientists sug­
gested that this transformation into grassland was part of a 
natural cycle (cf. Watt, 1947, 1955) of Calluna maturing, ageing 
and dying, and being replaced by the grasses, to be replaced by 
Calluna again within two or three decades, etc., but field obser­
vations suggest a unidirectional change. It was observed that 
outbreaks of the heather beetle (Lochmaea suturalis Thomps.) 
during summer correlated with the transformation from heathland 
into grassland (De Smidt 1977, Brunsting 1982, Brunsting & Heil 
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1985). A severe attack of the heather beetle often kills the Cal-
luna plants in the springtime following the attack(Berdowski 4 
Zeilinga 1987). In a number of cases Calluna was observed not or 
very badly to regenerate and to be (partly) replaced by grasses. 
Increased nutrient availability (Heil & Diemont 1983, Heil 
1984, Heil 4 Bruggink 1987), reduced competition from dwarf 
shrubs and reduced thickness of litter (Trabaud & Lepart, 1980), 
and increased light level at the soil surface (Barclay-Estrup, 
1971) might cause the initially quick increase of grasses after a 
disturbance. It has been pointed out, however, that quick in-
crease only occurs in or near patches which were already invaded 
by the grasses (Berdowski 4 Zeilinga 1987). The reasons for a 
higher level of nutrient availability in present-day heathlands 
are the following (Heil 4 Diemont 1983, Helsper et al. 1983): 
. Nutrients accumulate in the heathland system. They are no 
longer removed because the grazing intensity by sheep sharply 
declined since the beginning of this century as the farmers, 
using cheap chemical fertilizers, were no longer m need of 
manure. 
. Farmers stopped cutting sods for the same reason and thus no 
more nutrients are removed from the system. 
. In localized areas, where a population explosion of the heather 
beetle occurs, there is a concentration of faeces of the beetles, 
a great quantity of leaf fragments dropped by the grazing 
beetles, and many dead beetle individuals. The rapid decomposi-
tion of these organic materials, and the slower decomposition of 
the remnants of the ultimately killed Calluna plants lead to a 
temporarily high level of available nutrients. 
. The increased bio-industrialization since the second world war 
went together with a strongly increased deposition of nutrients 
from polluted air. At present the deposition of nitrogen in the 
Netherlands averages more than 40 kg per ha per annum, more or 
less equally divided over wet and dry deposition. 
Evidence for the causes of the change of heathland into grassland 
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has been obtained in a series of experiments. In field experi-
ments creating gradients of fertilization levels and in replace-
ment studies in containers and in the field under different 
levels of fertilizer application, it was shown that under in-
creased nutrient availability in its younger stages Calluna is a 
poor competitor compared to Molinia and Deschampsia, while in its 
more full grown stages Calluna is not outcompeted by the grasses. 
It was concluded that, apart from the capacity to exploit the 
available nutrient resources, also competition for light as af-
fected by plant growth form plays a role in the possible replace-
ment of Calluna by the grasses (Heil Ä Diemont 1983, Heil 19Θ4, 
Heil & Bruggink 1987, M. Aerts pers.comm.). Field observations 
further showed that Calluna maintains a large viable seed-bank, 
from which it can re-establish itself after disturbance (Heil 
1984, Werger et al. 1985, M. Bruggink pers. comm.); the grasses 
do not maintain such large, long-lived seed-banks and also have 
short dispersal ranges. After a heather beetle pest had killed 
Calluna, it always recovered to dominance if grasses previously 
were absent, but sometimes small grass individuals established 
themselves among the Calluna plants. These grass individuals be­
came suppressed under the regenerated mature Calluna plants, but 
when a second beetle attack hit the same site after a couple of 
years, the grasses could become dominant. The frequency of shifts 
in dominance after disturbance changed slightly with soil type 
(Berdowski & Zeilinga 1987, Berdowski 1988). The aim of this 
study is to test statistically evidence from field observations 
over a larger area and a longer period of time that the conclu­
sions of the experimental work have a more general validity and 
to test whether disturbance by fire has the same effect as dis­
turbance by heather beetle pests. For this purpose we compare the 
early regeneration of heathland after fire with the early 
regeneration after a heather beetle attack in several heathland 
areas in the Netherlands. 
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Material and methods 
The data are selected from a large data set collected over a 
period of 30 years in a series of 50 permanent plots spread over 
the main heathland areas in the Netherlands. The data include 34 
series of observations comprising the year before a disturbance 
(fire or heather beetle attack) till five years after the 
disturbance, spread over four soil types in three different areas 
(table 1). 
The plots in the National Park 'Hoge Veluwe' are located on 
the 'Oud Reemsterveld'. This heathland area (400 ha) is situated 
on a push moraine of the Saale glaciation. The hill ridge (45 m 
above sea level) is covered on its slopes with fluvio-glacial 
Area, Year total 
soil type 60 62 63 65 66 67 68 69 73 74 76 H F 
SWP 
MLS 
S HUM 
VHUM 
VORT 
MORT 
Totals: 
Heather b. 1 7 1 3 2 14 
Fire 1 4 2 2 1 7 3 20 
Table I. The distribution of the dlsturbancee over time and over the different areas · 
SWP Is a wet peaty soil in S trabrecht, MLS hardly podsolized loamy sand in the Meinveg 
area, SHUM a haplohumod in Strabrecht, VHUM a haplohumod in the Veluwe area, VORT a 
haplorthod in the Veluwe area, HORT a haplorthod in the Meinweg area. Each entry in a cell 
indicates the number of disturbances and the kind of disturbance (F for fire and H for 
heather beetle attack) for a given area, soil type and year. 
IH 
2H 
5H 
IF 
IF 
3F 
2F 
2F 
IH 
IF 
2F 
3F 
2F 
3H 2H 
IF 
2F 
2 
5 
5 
2 
3 
3 
5 
1 
6 
2 
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sediments and with mveo-aeolian deposits. Where the preglacial 
river deposits lie at the surface, the soil is a brown podsolic 
haplorthod. In the sandy glacial and post-glacial sediments on 
the slopes, the soil is a heavily podsolized haplohumod. The 
heath is part of a 3000 ha area which is grazed by 150 red deer, 
90 roe deer and 150 mouflon sheep. The management consists of 
burning. Heather beetle infested the heath in 1960, 1971, 1974 
and 1978. 
The Strabrecht heath (1000 ha) is situated on pleistocene 
river sediments covered with 1 or 2 m post-glacial wind blown 
sandy sediment. The nearly level area (20 m above sea level) con-
sists of plateaus with dry. Cailuna-dominated heath on nutrient 
poor soil, a heavily podsolized haplohumod. These plateaus are 
separated by 1 or 2 m lower depressions, with humid to wet Enca-
dominated heath on peaty soil. The area is grazed by a herd flock 
of 400 sheep. The heath is burnt off once in 10 to 15 years. 
Heather beetle attacks took place in 1962, 1973 and 1979. 
The nature reserve Meinweg (800 ha) is situated on pleis-
tocene river sediments. A l to 3 m thick sediment of sand and 
loss is deposited on top in the post-glacial period. The heath-
land covers terraces of 70 m and 60 m above sea level with a 
brown podsolic haplorthod. On these soils Calluna vulgaris is 
dominant. Some plots are situated on hardly podsolized loamy sand 
with dominance of Calluna vulgaris or Molinia caerulea. On wet 
peaty podsolic soil the dominant species are Erica tetralix and 
Molinia caerulea. The management consists of cutting once in 
about ten years and elsewhere burning once in 15 years. Some 
plots are not burned during 25 years. Heather beetle attacks took 
place in 1968 and 1978. 
From four dominant species (Calluna vulgaris, Deschampsia 
flexuosa. Erica tetralix and Molinia caerulea) the cover per-
centages during six years were used in this analysis to produce 
'growth curves'. These were tested for differences with a non-
parametric, distribution-free test (Koziol et al., 1981). Means 
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and standard deviations of the estimated cover percentages for 
the different areas and soil types were computed and plotted to 
facilitate the interpretation of the results of this statistical 
test. 
Results 
Figures 1 to 4 show the effects of fire and heather beetle 
attacks on the four dominant species in different areas and on 
different soil types. The statistical test for differences in 
growth curves was applied to several subgroups and to all data. 
The results of these tests are summarized m table 2. 
The first column of this table, m which all possible com-
binations of soil types and areas are treated as separate clas-
ses, shows significant differences for all four species. This 
result gives no information where these differences originate 
from. The second column is obtained by combining the soil types 
over the different areas and the third column by combining both 
types of disturbance. This shows that the observed differences 
are mainly related to the different soil types. From figure 1 it 
can be seen that Calluna regenerates faster on haplohumod than on 
haplorthod soils. Daschampsia (figure 3) is mainly occurring on 
haplorthod soil and some can be found on haplohumod soil. Erica 
is least important on the haplohumod soil (figure 2). The third 
column shows that we did not find significant differences between 
regeneration after fire and regeneration after heather beetle 
attack. This must be ascribed to the low number of observations 
and to the fact that the differences between soil types are 
dominant (figures 1 to 4). 
The remaining columns all refer to the haplohumod soil in 
two areas (Veluwe and Strabrecht), the only soil type with suffi-
cient number of observations to make all comparisons. Only dif-
ferences for Calluna and Deschampsia are highly significant, 
mainly caused by differences between areas, as indicated by 
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Figure 1. Regeneration of Calluna vulgaris: a.
r
b. and с after fire, d. and e. after 
heather beetle attack. Solid lines are means, dashed lines 1 standard deviation from the 
mean аіиеч. Abbreviations are explained in the legend to Table 1. 
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Figure 2. Regeneration of Erica tetraiix: ·. end b. 
beetle attack. Legend see Figure 1 and Table 1. 
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Figure 4. Regeneration of Molinie caerulea: a. and b. after fire, c. and d. after heather 
beetle attack. Legend see Figure 1 and Table 1. 
Soil types involved: All soils Only Haplohumod 
Classes formed by: S*D*A S D A*D A D 
Calluna vulgaris 0.036 0.012 0.341 0.055 0.007 0.277 
Erica tetralix 0.006 0.001 0.867 0.849 0.481 0.775 
Molinia caerulea 0.017 0.002 0.477 0.689 0.414 0.487 
Deschampsia flexuosa 0.006 0.001 0.719 0.006 0.001 0.201 
Table 2. P-values for the test for differences in growth curves. 
S stands for Soil typef D for disturbance and A for area. In the first column all dif-
ferent combinations of soil type, area and disturbance are treated as separate classes, 
the second column refers to the comparison between soil types, etc. 
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column five. The last column very weakly indicates that the 
response of Deschampsia flexuosa (and to a lesser extent the 
response of Calluna) might be different after a fire as compared 
to their responses after a heather beetle attack.It can be seen 
from figures 1 and 3 that Deschampsia, although it was of minor 
importance m one of the 'Veluwe haplorthod' plots, replaces Cal-
luna almost completely after a heather beetle attack (the large 
standard deviations are caused by the fact that Deschampsia did 
not occur at all in the other plot). In the burned plots however 
after some years the Deschampsia cover seems to decrease after 
some years. 
After the fires Erica rapidly increases first colonizing a large 
proportion of the area. Later Erica looses to Calluna, which is a 
stronger competitor. On the haplorthod soil in the Veluwe area 
after the fires Erica seems to increase more permanently in those 
areas where it was present before the fires. 
Molima seems to have a constant cover in all plots. 
Discussion 
A variety of methods for the comparison of growth curves has 
been suggested (e.g. Box, 1950; Grizzle 4 Allen, 1969; Snee, 
Acuff 4 Gibson, 1979). Most of these methods require complete 
growth data on each individual. Since we have no idea about the 
shape of the curves (particular species may decrease in time) it 
would be improper to attempt to model these regeneration data 
parametrically. Koziol et al. (1981) developed a method to test 
growth curves of tumors in mice, but the analogy in the problem 
(missing values and irregular curves) is striking. 
One might argue (from Table 1) that the data used for this 
study are biased, particularly since the disturbances are not 
homogeneously distributed over the years: Several comparisons 
have been made between series in the early sixties and series in 
the seventies. During that period there has been a lot of change 
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in the environment (e.g. much higher levels of dry and wet 
deposition). 
Although not many significant results were obtained because 
the comparisons are made between relatively small and 
heterogeneous groups we can infer some general conclusions. The 
results of this study corroborate the results of the experimental 
work and at the same time indicate a more general validity of 
those results. 
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Abstract 
A fine-resolution, spatially explicit, stochastic model was developed to simulate the dynamics of species 
cover abundance and pattern in a single vegetation layer wherein neighbouring individuals are assumed to 
compete for growing space. Each species in the model is characterized by a small number of morphological 
and life-history parameters, which enter into equations that stand for a minimal set of vegetation processes 
The model performed well in reproducing post-Гіге successional trends among the three codominant dwarf 
shrubs in a Dutch heathland community as recorded in an annually mapped permanent quadrat Program 
inputs, outputs and an example of sensitivity analysis are illustrated With suitable changes, the model could 
potentially describe any plant community in which the vertical structure is simple and community dynamics 
are determined by spatial interactions among neighbouring plants 
Introduction 
Modelling is the construction of a manipulable 
system which is simpler than the reality that is 
modelled, but which nevertheless shares interesting 
features and behaviour with the real system This 
definition includes a continuum of models, from 
statistical models that describe data in a convenient 
mathematical framework, to theoretical models 
based on a highly generalized set of processes 
hypothesized to underlie the data Most ecological 
simulation models fall somewhere between these 
extremes, but the most scientifically interesting are 
based on ecological theory at some level (Cale et 
al, 1983) Models based on explicit hypotheses 
about elementary vegetation processes can and 
* Jacques dc Smidt provided data, information and stimulus for 
this project The model was developed during ICP's visit to 
Utrecht, arranged by Mannus Werger and Tmanted by The 
Netherlands Science Research Council (ZWO) We also thank 
David Glenn-Lewin and Ernst Lippe Гог discussion and cooper 
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should be used to give insights into the way these 
processes act in combination Simulation then be­
comes a deductive tool for exploring the conse­
quences of theory and (through its ability to predict 
effects of changing boundary conditions) for the 
design of empirical tests 
The model described in this paper was developed 
to simulate the post-fire dynamics of dwarf-shrub 
species composition in heathland Unlike most nat­
ural or semi-natural forests, for example, north 
west European dwarf shrub heaths generally have a 
rather simple vertical structure The shrubs form 
almost a single vegetation layer In order to simu­
late the dynamics of the shrub layer, one need not 
consider vertical structure in detail On the other 
hand, the spatial interactions between adjacent in­
dividual shrubs are important in the dynamics of 
the community The shrubs compete in the 
horizontal dimension for space and associated 
resources The most successful of simulation 
models for natural communities, the so-called gap 
models of forest dynamics (eg Botkin et al, 1972, 
Vegetano 65 163-173, 1986 
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Shugart & West, 1977, 1979; Shugart et al., 1980. 
1981) are spatially explicit in the vertical dimension 
but assume an averaged distribution of resources 
within a unit patch. The model described here as­
sumes a single-layered vertical structure, but ex­
plicitly simulates the locations and horizontal ex­
tents of individual plants. In common with the gap 
models, the behaviour of our model is controlled 
by a relatively small number of parameters related 
to the establishment, growth and death of individu­
als of each species in the system, and the outcome 
of competition among species in the model de— 
pends on interactions determined entirely (apart 
from stochastic effects) by these supplied species 
characteristics. 
We describe the principles and construction of 
the model, and we illustrate its capabilities with an 
example from a heathland community with just 
three codommant species of shrub. This communi­
ty fulfils the structural criteria of the model, since 
the field layer consists almost entirely of a mosaic 
of individual bushes with only marginal overlap be­
tween bushes. 
Principles and construction of the model 
In order to model the spatial interactions be­
tween individuals, we represent the community as a 
rectangular plot of defined dimensions over which 
is located a fine-mesh grid. An individual plant is 
allowed to occupy one grid square or a group of 
contiguous grid squares. Each grid square may be 
assigned to one individual (not more) or to none, 
representing a unit of bare ground. No overlap be­
tween individuals is permitted; there is therefore 
strict competition for space. To avoid edge effects, 
we make the grid continuous by the expedient of 
folding the edges around to form a torus (This de­
vice is reasonable so long as the plot is large com­
pared with individual plants ) The state description 
of the community at any point in simulated time 
consists of the extent and location of each in­
dividual, the location of the mam stem of each in­
dividual (stored as coordinates in the grid) and the 
ages of all individuals. Establishment occurs annu­
ally and is modelled as the appearance of a new in­
dividual on a previously unoccupied grid square. 
The total process regarded as establishment there­
fore includes germination and subsequent growth 
and survival from the seedling stage to the size 
represented by one grid square. Growth and mortal­
ity after each year's establishment occur alternately 
in small (<<1 yr) timesteps. 
Establishment 
The number of new juveniles of each species per 
unit area of bare ground per year is determined 
from lognormal distributions with specified means 
and variances. Locations are assigned to these in­
dividuals at random, to simulate random establish­
ment from a uniform seedbank. This aspect of the 
model is especially simplistic, but the data available 
to us did not allow any greater realism. The estab­
lishment routine could easily be modified to in­
clude spatial heterogeneity in establishment condi­
tions and in the seed bank, temporal heterogeneity 
in seed dormancy, and temporal variation in the cli­
matic variables that control establishment rates. 
Growth 
Growth is modelled using simple, approximate 
whole-plant growth equations, requiring a minimal 
number of parameters, on a similar principle to 
that used in the forest gap model JABOWA (Botkin 
et al., 1972) and its descendants. The increase in bi­
omass of an individual is assumed to be related to 
that individual's production of organic matter, 
which in turn is related to leaf area; we have further 
assumed that the effective leaf area of an individual 
is directly proportional to the ground area oc­
cupied. As individuals grow the extent of main­
tenance respiration and investment in supporting 
tissues increase, reducing growth. These considera­
tions lead to the following growth equation: 
- ИН) = с д (t - Д) (I) 
dl 
where A is the area occupied by Ihe individual, H is the height 
of Ihe individual, G is a species-specific scaling constant Tor 
growth, and 
Д = ΊΑΙΑ^, (2) 
Thus Ihe individual's biomass incremenl is at tirsi linearly relat­
ed to its area, but is discounted by a factor that increases with 
the linear dimension of the individual, ensuring that growth 
stops when a maximal size is reached 
A fixed relationship between area and height is assumed 
Η = H„, (2Δ - Δ') (3) 
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being che simplest formula with the properties (Fig. 1) that N = 
0 when A » 0. H - Н^ when A ~ Α„,
Έ
 and dH/dA - 0 
when A => Λ«*,· From the general relationship, 
A4 _ 
Λ 
<HAH) 
dl 
we derive 
dA 
dl 
^АН) 
dA 
С A„, Д (1 - S\ 
Hm.. (J - M) 
d(AH) dH /(H + A — ) dl dA (4) 
(5) 
Equation (5) gives a deterministic formula For the 
area growth of an individual not subject to compe­
tition. Since the model is discrete in space and time, 
and growth is to be modelled stochastically, we use 
equation (5) to compute probabilities of invasion 
of adjacent free (= unoccupied) grid squares in a 
discrete timestep - as described in the next section. 
Morphological constraints and interference be­
tween neighbours 
,j4A
meI/w It there are neighbours preventing growth in some 
directions, equation (6) could lead to an impossibly high rate of 
growth in other directions We assume in Tact that potential 
growth can be anisolropically redistributed only up to some 
maximum rate, determined by the species' capacity for shoot ex­
tension (сГ Warren Wilson, 1972) We lake this maximum rate 
of growth in any direction to be a constant ( > l 0) times the 
maximum radial growth rate of an individual growing isotropi-
cally This maximum growth rale can be derived as follows. 
dr 
Jl 
dA dr 
~di dÄ 
where r = У/А/Т. hence 
dr .— 
— = 1/(2 -JAi) 
dA 
dr C D « , (I - Δ) 
П) 
(8) 
(9) dl 4WTO (3 - 2Δ) 
This rate is maximal when the individual is small (Δ * 0), when 
In the absence of neighbours, we assume that 
each individual has some tendency to maintain a 
circular outline. Thus potential growth must be dis­
tributed differentially to adjacent grid squares ac­
cording to their distance from the main stem. This 
objective is achieved using the simple but arbitrary 
formula: 
t , 1 - n/Dm 
~n I - 2Í /Í)_ (6) 
where pt = probability that a particular free grid square j will 
become occupied, g, is the 'potential growth' from equation 
(5), convened to a number of grid units, л is the number of free 
grid squares adjacent to (he individual; ¿, is the distance from 
a free grid square 10 the main slem; J « Σο/π and D ^ , « 
0 8 A/A„ 
Fig f The model relanonship between the area {A) and heighl 
(//) of an individual, expressed as fractions of Ihe maximum 
area (/t^,) and height (/ƒ„.,) for Ihe species 
A , - с о„/\гн
т 
dt 
(10) 
Field observations (J Τ de Smidt, pers comm ) suggested that 
the maximum annual shoot increment for encaceous shrubs is 
on the order of 1 5 times field estimates of (dr/dl)0 We there­
fore replaced the probability Pj in equation (6) by q, where 
q, = min (ft, С ß„ /8W_„) OD 
More precise information on the growth morpholo-
gy of modelled species would suggest alternative 
versions of equation (11). Finally if there are no ad-
jacent free grid squares, no growth occurs. If a 
bush is partly surrounded by other bushes, the use 
of equation (II) means that some potential growth 
can be lost; if a bush is completely surrounded then 
all potential growth is lost. 
As in the establishment routine, we have not 
made any allowance for climatic effects on growth. 
Such effects could easily be incorporated by in-
troducing further multiplicative factors into equa-
tion (5). The same approach could also be used to 
provide for more stochaslicity in growth. 
Mortality and thinning 
Death rates are expected lo be high among very 
young individuals, old individuals, and individuals 
suffering from strong competition. All three cases 
8 6 
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have in common thai growth rates arc low in rela­
tion to the maximal possible growth rate for the 
species This observation motivates the idea of 
modelling death rate as a function of growth rate, 
as in JABOWA and related models Instead of con­
sidering the immediate causes of death JABOWA 
considers death as a stochastic process and the 
probability of death depending on the need for an 
energy supply adequate to counteract damage from 
a wide variety of causes 
It is usually only possible to guess the form of 
the function relating death rate to growth rate, in 
the absence of direct observations. We have adopt­
ed a slightly different form from that used in 
JABOWA (Figs 2a, b). (Note also that in JABOWA 
diameter increments arc already high by the time 
new individuals are recruited' juvenile mortality is 
subsumed under establishment. Our model recruits 
juveniles at a size when they may (depending on 
their growth rates and on the grid size) be small 
enough to be suffering very high death rates ) We 
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1 
Death 
probability 
Θ 
Τ 
Δ(dbh) 
ΔΙ 
Death 
rate 
¿ΗΑ Η)/ΟΗ'™,) d t 
Fig 2 The model rcldiionship between mnrialiiv and grouiK 
(a) In the forest sucLcsMon model JABOWA (Uotkin ei al, 
1972) probability of tree d c j l h as а Гипсlion of uurrcni diameter 
increment, . } (dbh)M/ as specified by a vep function wiih 
parameters AT,, К and 7" (b) Death rale as a funcnon of annu 
a) rei a η ve increase m biomas^ in the present model a ramp 
function wilh parameters к,, « : and 0 
assume that Ihe death rate is highest {к,) among 
individuals that are not growing at all, and that it 
declines gradually (linearly) with growth rate down 
to some minimal value (*,) among individuals 
growing faster than a proportion (0) of the maxi­
mum growth rate attainable by the species 
II the 'evpected survival time' for non growing plants is SM,B 
then «e define 
4 = < - l n иу$тщ 0 2 ) 
uhcrc if is some low probability, say 0 01 thai an individual wi l l 
survive for time S*,, or longer Equation (12) gives a way io 
make a reasonable guess ai «. «, siands for death causes un 
related to life stage or competit ion, and can be worked out 
analogously from an 'optimal survival time S^ I n l he exam­
ple below we sei ж, to zero ( ie 5„
αλ
 arbitrarily large) and as­
sumed in ihe absence of contradictory evidence thai all Smi„ 
were equal 
Note that longevity as such is not an input parameter, but a 
prediction o f the model The l ifeiime of an individual in the 
model depends on many factors A very tow growth constant С 
could prevent a species from being represented in ihe adult 
phase at al l, especially since the individuals would have to com­
pete wuh faster growing plants of other species A very high G 
constant would mean thai individuals could rapidly reach their 
maximum dimensions and die, but such individuals might have 
their lives prolonged by moderale competition This last conclu­
sion follows from the logic o f the model we suggest that it is not 
unrealistic 
To predict the maximal possible biomass growth for a species 
we need the maximum of equation (1) 
- (AH) = GA (1 - Δ) - С Δ' (I - Л)А
т 
This function has a maximum at Δ = 2/3, where 
d 4 
— {Alf) = — GAm„ dl 27 
(13) 
(M) 
The deierministic rano o f biomass growth rate to maximal 
growth rate, with no compci ihon, gives ihe 'mditaior function' 
¡0 - — Δ- (Ι Δ) 
4 
Wi lh competinon we obtain 
/ - Qt» 
(15) 
(16) 
where Q is ihe fraction of potential biomass growth thai actually 
occurs The death rate is then defined as ( f i g 2b) 
, + ( * ' - « ! ) W min(0 П/ (17) 
brom Mus inslantaricoui d c i t h rate ihe model computes the f i ­
nite probability of death m one timestep 
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The growth, interference and death processes in 
the model combine to simulate natural thinning as 
the stand develops. The simulated thinning process 
tends to eliminate smaller and/or slow-growing in­
dividuals to the advantage of individuals of inter­
mediate size, which are capable of the most rapid 
growth (cf. Diggle, 1975; Gates, 1978; Aikman & 
Walkmson, 1980; Ford & Diggle, 1981). The same 
principles are assumed to apply to many-species 
communities as to monocultures. 
Features of the program 
The model is implemented as a structured pro­
gram in FORTRAN 77. Input consists of six 
species-independent parameters, and eight 
parameters for each species (Table 1); also option­
ally a starting state. Output can include full-
resolution charts of part(s) of the plot; low-
resolution charts of the whole plot (using a coarser 
grid than the one used in the simulation process); 
cover percentages of each species; and year-to-year, 
species-by-species transition matrices. Since transi-
Table 1 Parameter values used in the simulahons. 
Model parameiers (uniis) 
cm 
grid squares 
yr ι 
Grid square size (linear 
dimension) 5 
Plot dimensions 120x120 
Number of timesteps per year 20 
Number of years lo run 20 
Nominal survival probability u 0 01 
Number of species 3 
Species parameters 
Establishment rate (mean)* 
m -
!
 yr ' 0 25 
Establishment rate (s d.Y 2 5 
Growth constant С 
cm yr ' 32 
Maximum diameter D^, 
Erica Callana Empetmm 
0 625 
2 5 
0 125 
2 5 
cm 60 150 
35 
400 
45 Maximum height H^ cm 32 
Survival time under 
optimal growth, S^, yr (sei arbitrari!} Itirgc) 
Survival time under zero 
growth S*,,, yr 6 6 6 
Threshold indicator value 6 0 2 0 2 0 2 
' The logarithm of establishment rate is normally distributed 
with mean and standard deviation equal ю the logarithms of 
these supplied values 
tion probabilities estimated from field charts may 
be biased upwards as a result of location errors, the 
model can simulate this bias by including a speci­
fied horizontal shift between adjacent years. The 
program can also generate age and size distribu­
tions and year-by-year demographic statistics, and 
an optional machine-readable end state to use as 
the start of a new simulation, if required. 
Example 
Simulation 
A 12x20 m permanent plot in the Dwingeloose 
Heide (Dwingelo Heath), a reserve in the north­
eastern part of The Netherlands, has been observed 
and mapped annually by J. T. de Smidt since 1963. 
Lippe el al. (1985) gave a detailed description of the 
vegetation dynamics on the plot. They also digi­
tized de Smidt's field charts, and tested stationarity 
and spatial effects in estimated transition probabili­
ties. Their results indicated non-stationanty, spatial 
dependence, unexplained trends in transition fre­
quencies through time, and effects of known dis­
turbance events. In another paper (Prentice, van 
Tongeren & de Smidt, in prep.) we discuss the possi­
ble causes and ecological implications of these 
phenomena in light of our modelling work. Here 
we use this same application to illustrate some of 
the operation and capabilities of the model. 
De Smidt's field charts record the development 
of the heathland to maturity after an extensive fire 
in 1959. Regrowth look place largely through the 
establishment of seedlings of all three shrubs, Cal-
luna vulgaris. Erica tetralix and Empetrum nigrum, 
which grew more or less uninterruptedly until the 
exceptionally dry summer of 1976 which damaged 
many Empetrum individuals (Lippe et ai, 1985). 
Establishment rates and their natural variability 
were roughly estimated by counting newly estab­
lished individuals per unit bare ground area during 
the first few years, when most individuals were dis­
tinguishable in the field. Total annual rates for all 
species fluctuated greatly between years, but the 
proportion of each species recruited each year re­
mained roughly constant. We therefore assigned 
new recruits to species in fixed proportions from 
year to year, i.e. attributed equal relative variation 
to each species and correlations of unity to the es-
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tablishment rates for all pairwise combinations of 
species Rough estimates of £ )
m
„ and Η,^ were 
obtained by visual curve fitting to observations of 
heights and diameters from de Smidt's field notes 
and photographs, made at Dwmgelo since 1963 In­
itial radial increments were estimated from the 
charts for the first few years and the species' growth 
constants G then estimated using equation (10) We 
illustrate our results with two runs of the model us­
ing these estimated values of parameters (Table 1), 
and also two runs with changed values the first 
with С for Cailuna increased to 20 cm/year; the 
second with the mean establishment rate for Em-
petrum reduced to 0 05 individuals/m2/yr 
In Figure 3 these results (as simulated cover per­
centages through time) are compared with field es­
timates based on digitized charts (Lippe el al, 
1985) The model runs with 'correct', field-
estimated parameter values compare well with the 
data, in (he sense that the model reproduced the 
major trends in abundance and eventual domi­
nance ranking of the species The temporary drop 
in Empelrum abundance towards the end of the 
data series was caused by a drought, which was not 
taken into account in the model and whose effects 
therefore do not appear there. Otherwise, the slight 
differences between the model runs and the data 
are of the same order as the stochastic variability of 
ao 
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Fig 3 Post fire development o f Dwmgelo Heath LO\er percentages of the three со dominant dwarf shrubs Top left field estimates 
from digitized charts of a 12x20 m permanent quadrat (Lippe et al, I98S) Top right Replicate simulations, with parameter values 
as in Table 1 Bottom left simulation with the growth constant С for Cailuna increased f rom 13 cm/year to 20 cm/year Bottom right 
simulation with the establishment rate for Empelrum decreased from 0 125 to 0 05 mdividuals/mVycar 
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the model itself. The difference between the two 
replicate runs shown in Figure 3 is typical (Prentice 
et al., in prep.) and seems reasonable for a model 
disigned to mimic stochastic processes in a naturai 
community. Figure 3 also shows that changes to 
key parameters led to simulated dynamics and 
eventual community composition quite different 
from those observed. 
Figure 4 shows two simulated full-resolution 
maps of a 2.5x2.5 m subplot, early and late in (he 
post-fire developmental sequence. Tables 2 and 3 
give age χ size cross-tabulations from the same 
model run. They illustrate the age and size hierar­
chies that arise as a by-product of the model's 
simulation of basic vegetation processes. 
Sensitivity analysis 
This application of the model, discussed further 
in Prentice et al. (in prep.), has shown that the 
model can simulate principal features of post-fire 
heathland dynamics if provided with rough esti­
mates of parameters applicable to the particular 
Table 2 Age-size distributions after 4 years 
Species number 
size (grid units) 
age (yr) 
0 
I 
2 
J 
total 
Species number 
size (gnd units) 
age (yr) 
2 
} 
lota] 
Species number 
size (grid units) 
age (yr) 
0 
I 
2 
] 
1 (Erica leirahx) 
1 - 2 3 - 4 5 8 9 - 1 6 17-J2 33-64 lot 
14 
1 2 
14 1 2 
2 (Calluna vulgaris) 
1-2 3 - 4 5 - 8 
36 
1 1 2 
37 1 2 
3 
5 
9-
3 
3 
6 
3 (Empetrutn nigrum) 
1-2 9 - 1 6 33-64 
7 
1 1 
15 
128 
1 
1 
4 
3 
9 
17-
4 
6 
10 
-236 
5 
5 
32 33-64 
1 
S 
9 
257-512 
1 
14 
6 
6 
10 
36 
tot 
36 
7 ! 
14 
65 
ΙΟΙ 
7 
2 
1 
2 
— - - » » - ) ] 
>>>>>»>>>] 
>>>>>>>>>! 
Ftg 4 Simulated pattern in the heaihland lommunny four years and 16 years а Пег burning 
The area shown represents 2.5x2 5 m, each symbol represents one grid square. 
= Enea, > = Calf ила, - = Empetrum. 
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ГаЫг J Age t in distributions aller 16 >ears 
Spn.ics number I (Ггіі.а ІСІГЗІІЧ) 
ше (grid units) 9 - 1 6 33 - 64 63-128 
age (уг) 
Spciics number 2 (Calluna vulgaris) 
sue (grill units) I : 5 - 8 63-128 129-236 237-312 tot 
age <)r) 
12 
1} 
13 
16 
total I I I I 
Species number Э (Empeirum nigrum) 
size (grid units) 1023 2049 №49-40% tot 
age (>r) 
13 I I 
site In other words, we can say that the processes 
included in the model are sufficient to explain the 
observed vegetation dynamics (although we cannot 
say how the parameters might differ for another 
site, or how they might vary over a longer period of 
time) We can also say that the model is not un­
reasonably sensitive to the precise values the 
parameters take, since very rough field estimates 
were used successfully, without change, in the simu­
lations Yet the behaviour of the model does de­
pend on the parameter values, since larger changes 
in the parameters caused different simulated dy­
namics, quite unlike those observed 
Sensitivity analysis allows the idea of sensitivity 
to parameters to be made quanmaiive, allowing 
comparison of the model's (and thus plausibly the 
real vegetation's) sensitivity to different parameters 
- growth constants versus establishment rales, for 
example, or one species' parameters versus 
another's With complex stochastic models sensi­
tivity analysis can be performed by doing repeated 
simulations, with each parameter m turn changed 
by a small factor above and below its field-
estimated value 
Tibie 4 reports such a sensitivitv analysis for ef­
fects of small changes in establishment rates, 
growth constants (C), and maximum competitive 
death rates (as minimum survival times S
m l n ) of 
each species Each of the parameters was indepen 
dently increased and decreased by 10% around its 
estimated value, 25 model runs were made for each 
case Establishment rates were given zero variance 
to reduce the computation needed to obtain statisti­
cal significance in individual cases Scale-free 
sensmvity-values were defined according to the for­
mula 
SE = logQO - logCr) 
logW - l o g « 
(18) 
where Y is the cover percentage after 20 years for 
'high' parameter estimate X, and y is the cover per­
centage after 20 years for 'low' parameter estimate 
χ SE is an approximation for the analytical gra­
dient of the relationship between proportional 
changes in parameter and response, ι e the relative 
change in cover per relative change in the parame­
ter value, evaluated at a single point in the parame­
ter space Overall sensitivity values, for each type of 
parameter and for each species' parameters, were 
computed as marginal sums of squared sensitivi­
ties The mam results in Table 4 can be summarized 
as follows Parameter shifts favouring a species at 
any stage in its life cycle can increase that species' 
abundance and reduce the abundance of other spe­
cies, although many effects of individual 
parameters fell short of significance (i e were partly 
obliterated by the variance between runs) over the 
narrow range of variation used in this 'experiment' 
Effects of growth constants were strongest overall 
The greatest sensitivities (over 20% change in 
abundance for 10% change in the parameter) were 
detected for the positive effect of the establishment 
rate of Erica on Us own eventual abundance (Frica 
is relatively short lived, quickly reaching its maxi­
mum lateral extent and succumbing to competition 
from the other shrubs), the positive effect of the 
growth constant of Calluna on its own eventual 
abundance, and the negative effects of the growth 
constant and the survival time of Empetrum, the 
late-succcssional dominant, on the eventual abun 
dance of the other two species 
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Table 4 Sensiiiviiy analysis оГ ihc model heathland for «lablishmenl rales, growth constants (G) and survival times under zero 
growth (S,,,,) EEr = establishment rate for Enea GCa = G for Catluna, SEm = 5
m u t for Empeirum etc SEM « standard error 
of the mean, SE = sensitivity сосГПсіещ, SI = significance in analysis of variance indicated by (*) (P<0 I). * ( P < 0 0S), °*(P<0 01), 
*** ( P < 0 001) Marginal sums of squared sensitivities (SSQS) indicate overall sensitivities to parameter changes 
Parameter 
Value 
Cover Erica 
SEM SE, SI 
Catluna 
SEM 
Empetrum 
SE, SI SSQS 
ECa 
0 225 
0 275 
0 563 
0 688 
0 113 
0 138 
44 
6 9 
S I 
4 5 
5 9 
4 8 
224 
0 017 
-0 624 
0 524 
-103 
0 223 
27 9 
31 4 
27 7 
295 
34 7 
26 3 
2 9 0 589 
0 398 
0 314 
0 691 
- I 38 
0 078 
С) 
59 0 
51 8 
58 6 
56 3 
49 8 
60 I 
-0 649 
0 131 
-0 200 
0 678 
0 953 
0 070 
С) 
SSQS 2 34 1 37 
СЕг 28 8 
35 2 
ССа И 7 
14 3 
GEm 15 3 
18 7 
SSQS 
4 6 
4 9 
4 8 
4 9 
66 
37 
0 314 
0 705 
0 102 
0 905 
-2 88 
0 001 
·*· 
840 
1 71 
0 104 
-0 534 
0 513 
-2 98 
0 003 
26 5 
30 0 
20 9 
34 6 
36 I 
216 
29 8 
26 0 
24 1 
27 2 
33 9 
22 3 
0 618 
0406 
2 51 
0 001 
-2 56 
0 001 
608 
57 8 
65 6 
51 О 
49 6 
645 
3 6 
-0 252 
О 540 
-0 252 
0 003 
1 31 
0 005 
16 56 
SCa 
5 4 
6 6 
5 4 
6 6 
SEm 5 4 
6 6 
3 9 
5 5 
5 9 
5 3 
6 0 
33 
-0 680 
0 303 
0 603 
0 432 
-2 09 
0 005 
57 3 
609 
59 6 
57 4 
49 7 
667 
0 304 
0 432 
-О 187 
0 670 
1 47 
0 001 
SSQS 19 57 
Summary of squared sensitivities 
Enea parameters 
Catluna parameters 
Empetrum parameters 
Enea 
804 
068 
18 23 
Caltuna 
1 19 
6 79 
12 82 
Empetrum 
0 58 
1 64 
4 79 
SSQS 
9 81 
9 II 
35 84 
SSQS 26 95 20 60 6 81 54 76 
Discussion 
Uses and limitations of sensitivity analysis 
An understanding of how simplified model sys­
tems respond to changes in parameter values is use­
ful in developing an understanding of the dynamics 
of real communities, where the parameters are not 
constant in general but may vary depending on the 
weather, management and other factors For exam­
ple, responses acting at different times in the life cy­
cle may come into play at different stages of succes­
sion Hobbs (1984), Hobbs & Gimingham (1981) 
and Hobbs &. Legg (1984) have indicated the impor-
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tance of initial flonstic composition on subsequent 
events in post-fire succession in some heathland 
types. Persistent effects of early establishment 
would allow control of heathland composition by 
weather conditions during the few years immediate-
ly after burning (Lippe el al., 1985). Whether such 
control is possible depends on how sensitive the 
long-term state of the system is to establishment 
rates. Climatic effects on growth and mortality 
would be more evenly spread through succession, 
but positive and negative effects could average out. 
The relative magnitudes of sensitivities might sug-
gest possible effects of different management op-
tions. But there are limits to the use of sensitivity 
analysis for such purposes. Several authors have 
proposed alternative methods (Fedra el al., 1981; 
Gardner et al., 1981). One may carry out a wide va-
riety of model experiments, designed to mimic im-
possibly time-consuming field experiments, eg. to 
investigate effects of alternative management, or 
even effects of climatic variation - a type of ex-
periment which could not be carried out at all in 
the field. Or model experiments can be used m a 
more general way, to investigate community dy-
namic structure. Prentice el al. (in prep.) use such 
model experiments to show (among other things) 
nonlinear effects and interactions among the ef-
fects of different parameters that come into opera-
tion when the parameters are varied over a wider 
range, more comparable with the range of variation 
that probably occurs in nature. 
Some technical issues 
There remain some technical points which would 
need to be considered before applying the model to 
other community types. The model requires the 
plot size, grid square size and length of timestep to 
be specified. All three have potentially big effects. 
Shugart & West (1979) observed major effects of 
plot size in forest gap models Plot size is important 
in our model too, but for different reasons. In gap 
models, shade produced by larger trees is often the 
most limiting factor to the growth of smaller trees. 
In our model, since the vegetation consists of only 
one layer, there is no explicit competition for light 
Competition is completely described as competi-
tion for space, which stands for all possible 
resources, initially distributed uniformly over 
space. However, as soon as individuals establish 
and start growing, resource availability becomes 
spatially patterned within the plot. If the modelled 
plot is too small then wholly unrealistic results can 
be obtained, even if averaged over a large number 
of runs. This effect is caused by the great impor-
tance of spatial relations over short distances. We 
have found that there is a certain size, dependent on 
the maximum size of the species in the model, 
above which the average over many replicate runs is 
independent of plot size. But the standard error of 
the mean of any quantitative variable output by the 
model is a decreasing function of plot size, while 
stochasticity in establishment rates is not related to 
plot size: therefore standard errors for larger plots 
cannot easily be computed from standard errors for 
smaller plots. Stochasticity in average growth and 
mortality over the plot is directly related to the total 
number of individuals, which is essentially propor-
tional to the area of the plot. In our example, we 
chose to simulate an area equivalent to thai 
represented in the data with which the simulations 
would be compared. 
Grid square size can also be important. It should 
not be too big in relation to the size attained by 
plant individuals; otherwise the model cannot 
realistically simulate growth and pattern, and some 
of the approximations involved in the growth al-
gorithm break down. The size of a grid square also 
affects the size of individuals regarded as 'estab-
lished'. This effect must be taken into account if es-
tablishment rates are obtained from field data, 
since establishment includes not only germination 
but also some subsequent growth and mortality. We 
chose a size of 5 cm, to conform with the approxi-
mate size at which individuals were first recorded as 
established juvenile plants in the field charts. 
Finally, although the model is discrete in time 
and space, all formulae have been derived for con-
tinuous processes and then transformed to discrete 
approximations. The reason for requiring a time 
step much shorter than one year is to keep ¡7, in 
equation (II) <1. The probability that two or more 
individuals should grow into the same grid square 
(assumed to be zero in the model) is thereby kept 
minimal, as required for the adequacy of the 
model's discrete-space approximation of plant 
growth A timestep of 1/20 year kept these proba-
bilities down to a negligible level. 
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Conclusion 
We have developed a vegetation simulation mod­
el (hat is complementary (o forest 'gap models' in 
that it assumes a one-layered vertical structure, but 
explicitly models the horizontal spatial interactions 
among individuals which become important as a 
consequence of the simple vertical structure. We 
have shown that the model can simulate post-fire 
development of vegetation in a relatively simple 
dwarf shrub community. We have also demonstrat­
ed some possible sensitivity characteristics of this 
community by a simple sensitivity analysis, but we 
noted the limitations of sensitivity experiments that 
are confined to a narrow range of parameter values, 
and we advocated problem-oriented model experi­
ments. We suggest that the model would be worth 
testing and modifying in a wider range of plant 
communities, due attention being paid to a number 
of technical issues that arise from the particular 
type of state description and updating algorithm 
we adopted to simulate the community as a spatial 
pattern, and growth and regeneration as stochastic 
spatial processes. 
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SIMULATION OF HEATHLAND VEGETATION DYNAMICS 
I. С PRENTICE*1·, O. VAN T O N G E R E N î § AND J. T. D E SMIDT* 
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3512 PN Utrecht, The Netherlands and \Department of Botany, 
University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 
S U M M A R Y 
(1) A computer model was used lo simulate changes in healhland composition after fire. 
The model is based on simple stochastic representations of establishment, growth, 
mortality and competition for space. 
(2) Model parameters—establishment rates, maximum diameters and heights and 
growth constants—were estimated for Ca/luna vulgaris, Empeirum nigrum and Erica 
telralix on a hcathland in the Netherlands where these three species are co-dominant. 
(3) The resulting simulations were compared with cover data for 19 years from a 
mapped 12 m χ 20 m permanent quadrat. Apart from the temporary effects of a drought, 
the cover percentages lay almost entirely within a 90% probability envelope obtained from 
the replicate simulations. Trends with time in transition frequencies among species were 
also correctly predicted. 
(4) Factorial sensitivity experiments simulated responses of the mature community to 
changes in the growth constants and establishment rates of these species. These 
experiments also revealed differences in the strategies of the species, compensatory and 
synergistic effects, and an instance of competitive mutualism—illustrating the complex 
community behaviour that can emerge from a relatively simple model. 
(5) The mature community is not at an uneven-aged equilibrium and, in the long-term, 
natural disturbances, climatic variation and rational management may prevent this. 
INTRODUCTION 
Simulation models of vegetation dynamics make testable predictions about changes in 
plant community composition and structure and take into account processes that act at 
the level of individuals and populations. Such models began with Botkin, Janak & Wallis' 
(1972) JABOWA model, from which a family of forest succession models is descended 
(Shugart 1984). There are at least two strong reasons to continue to develop and apply 
such models. First, they can be used to help find explanations for observed community-
level phenomena in terms of demography and growth (Botkin 1981). Secondly, they can 
be used in sensitivity experiments to explore responses to pertubations, or to changes in 
the values of model parameters. Such model experiments can give an insight into 
community-level properties that emerge from the interaction of processes included in the 
model. Many conceivable field experiments on vegetation are impractical; model 
experiments can act as a partial substitute, and may help the design of critical field tests of 
hypotheses about community function. 
Vegetation dynamic models can be tested to some extent with contemporary data such 
as composition and size-class distribution (Shugart 1984). Time series of data from 
permanent quadrats provide a more direct method (Austin 1981). We discuss a model for 
t Present address: Institute of Ecological Botany, Uppsala University, Box 559, S-751 22 Uppsala, Sweden. 
§ Present address: Koninklijke Nederlandse Akademie van Wetenschappen, Limnologisch Instituut, 
Vijverhof Laboratorium, Rijksstraatweg 6, 3631 AC Nieuwersluis, The Netherlands. 
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heathland vegetation dynamics and a lest of this model using a 12 m χ 20 m mapped 
permanent quadrai on Dwingelo Heath in the Netherlands. 
SITE AND METHODS 
Dwingelo Heath, in the northern Netherlands (52045'N, 6°5'E), is a 1400-ha area 
managed as a nature reserve with regular grazing by sheep. The predominant vegetation is 
a closed dwarf-shrub community dominated by Calluna vulgaris (L.) Hull, Empetrum 
nigrum L. and Erica tetralix L. (For simplicity, we shall call these species by their generic 
names only in this paper.) Other vascular plant species are of minor importance. For 
modelling purposes, we considered only the three shrub species. 
The permanent quadrat data from 1963 to 1981 were encoded by Lippe, de Smidt & 
Glenn-Lewin (1985) as annual records of all vascular plant species at 1025 grid points 
spaced 0-5 m apart. These data record the detailed spatial dynamics of the development of 
the community after a management fire in 1959, and the mature community's response to 
and recovery from the drought of 1976. Figure 1 shows the appearance of the community 
in 1966 and in 1973 and Fig. 2 summarizes the changes in the cover of the shrub species 
from 1963. 
Lippe, de Smidt & Glenn-Lewin (1985) also calculated the year-by-year transition 
frequencies between the species, and concluded that the community dynamics did not fit a 
first-order Markov chain. The transition frequences responded to the 1976 drought, and 
slight eiTects of insect attacks were detected. More importantly, the transition frequencies 
showed large and systematic changes with time, especially during the earlier years (Fig. 3). 
The first-order Markov approximation represents a linearization which, although useful 
in modelling small-perturbation dynamics around an equilibrium state (Horn 1975; 
Usher 1979), is unlikely to be appropriate for sequences that begin a long way from 
equilibrium (van Hulst 1980); in general, transition probabilities may be expected to 
change with changing vegetation composition and structure. Therefore, we tested 
whether the model could reproduce both the cover dynamics and the trends in transition 
frequencies. We also carried out factorial-sensitivity experiments, to investigate the 
response of the simulated vegetation to various combinations of changes in the model 
parameters determining the establishment and growth rates of each species. 
FIELD OBSERVATIONS AND MODEL CONSTRUCTION 
Vegetation processes 
Lippe, de Smidt & Glenn-Lewin (1985) described the Dwingelo site and its vegetation 
development since the 1959 fire. Here we summarize the general observations of 
vegetation processes on which the simulation procedure is based. 
Few individual bushes survived the fire; those that did regenerated vcgelalively. 
However, most regeneration was from the seed bank in the soil. The total numbers and 
densities of new plants varied grcaily from year to year but, throughout the initial 
establishment period (to 1967), il was always Calluna that was most abundant and 
Empetrum that was least abundant in each year's cohort ofnew plants. Mortali ly was high 
among the seedlings ofall species, but much lower among plants with a canopy more than 
5 cm in diamelcr. 
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FIG I The development of healhland on Dwingelo Heath. The Netherlands. The permanent 
quadrat in (a) 1966 and (b) 1973. 
Each of the species has a characteristic growth morphology. Individual bushes tend to 
maintain regular shapes until they come into contact with one another. Erica grows the 
highest in relation to its diameter while Empetrum grows the lowest. All three species 
retain a single main stem, which becomes thicker and woodier with age. Large Empetrum 
bushes also root adventitiously. The fastest-growing species was Erica, but its growth was 
mostly upward. Empetrum bushes showed the highest initial rates of lateral extension, and 
maintained their prostrate form through life. 
Sheep eat Calluna in preference to Erica, and avoid Empetrum. Grazing affects the 
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morphology of Calluna bushes (Gimingham 1972), they become lower in relation to their 
extent, and develop more twisted stems than when ungrazed. The grazing pressure has 
maintained Calluna in this state over a large area at Dwingelo. 
The shrubs compete for growing space; individuals hardly overlap. Small bushes often 
become overgrown by larger bushes of the same or another species. A few of these 
overgrown bushes apparently survive as suppressed individuals, but most die within a few 
years. As space becomes limited, individuals grow into irregular shapes, concentrating 
their horizontal extension into directions where space is available. But morphological 
constraints limit this ability. The maximum possible rate of shoot extension is presumably 
an ultimate limitation, and the growth morphology of the bushes is a further limitation. 
Empetrum has the greatest, and Erica the least, ability to take advantage of limited 
adjacent space by 'growing-around' other plants. 
The 1976 drought partially killed some Empetrum bushes but the heathland returned to 
the pre-drought condition within 2-3 years. Other disturbances since 1959 have been 
slight. The heather beetle, Lochmaea suturalis Thompson, often causes surprisingly little 
damage to grazed Calluna (de Smidt 1977); slight damage was noticed in 1975 and in 
1979-80, but it was rapidly repaired. No other external causes of death were observed in 
any of the shrub species. 
The model 
Van Tongeren & Prentice (1986) developed a computer model suitable for simulating 
the dynamics of vegetation with a relatively simple vertical structure. The model simulates 
spatial patterns of establishment, growth and mortality on a rectangular plot of specified 
dimensions. Here we describe only the model's essential features. 
The vegetation is represented in the computer memory as a grid of microsites with 5-cm 
spacing. Individual bushes start by occupying one microsite, but may grow to cover 
multiple microsites. No overlap between bushes is allowed. The model keeps track of the 
location and extent of each bush and ofthe point where it was first established. This point 
becomes the position of the main stem of the mature bush. Vegetation dynamics are 
modelled in small, discrete time-steps (currently 0-05 year). Growth and mortality occur 
at each time-step. Establishment occurs at the start of a simulation if the starting-state is 
bare ground, as in all simulations reported here, and annually thereafter. 
The main output consists of cover percentages for each species at the end of each year, 
and transition frequencies among species (including bare ground) between successive 
years. A problem can arise with Ihefield estimation of transition frequencies if there is any 
random error in locating grid points. Location error may cause transitions between the 
states to be over-estimated, and the persistence of states to be under-estimated. We 
incorporated into the model a frame-shift of 15 cm between years to lake account ofthe 
combined effects of errors (in placing the grid points and in vegetation mapping) on the 
transition frequencies. 
Establishment rates (per unit area of bare ground) can be set to species-specific values. 
Between-year variation in establishment rates can also be simulated; the model then 
draws values randomly from a multivariate log-normal distribution with specified means 
and variances for each species and covananccs between the species. The values chosen 
each year are used to compute the total numbers of new individuals ofeach species, which 
are planted at locations chosen randomly from among the available, unoccupied 
microsites. 
Growth equations arc paltcrncd on those of Botkin, Janak & Wallis (1972) In the 
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absence of interference, each individual bush grows at a rate 
dW 
— ее А(\-А/Л
тл
,) (I) 
where IV is the individual's total above-ground biomass, A its projected area (i.e. the 
number of microsites it occupies), and Л
ті1ж a species-specific maximal area. Thus, an 
individual's net production is assumed to be, al first, proportional to the area of the 
canopy (a proxy for the available flux of light and nutrients), but the costs of maintaining 
a large bush (principally respiration of non-photosynthetic tissues) are assumed to rise 
linearly with size. Loss of biomass through grazing is absorbed into the constant of 
proportionality for each species, i.e. this loss is assumed to be a certain fraction of net 
above-ground production per year. Height (H) and area of each bush are related by 
" = " ™ , ( 2 Δ - Δ 2 ) (2) 
where Δ = у/А/А
тля
. Equation (2) allows the height at first to increase steeply with area 
and then gradually to level off, reaching a species-specific maximum height tf
m
„ when 
A = Л
т
„ . The biomass of an individual is assumed proportional to the product AH, 
giving 
^(Aff) = GA0-a2) (3) 
where G is an overall growth-rate scaling constant for the species. Equations (2) and (3) 
together yield a formula for dA/dt, the expected rate of increase in area of an individual 
bush. This formula is evaluated for each extant bush at each time-step. The expected area 
increment per time-step is translated into probabilities of colonizing adjacent unoccupied 
microsites (free points), with a weighting inversely related to distance from the main stem. 
Thus, the actual growth of individuals in the model is stochastic; the weighting function 
ensures that the bushes maintain roughly circular outlines in the absence of interference 
from other bushes. 
Total growth may be reduced when bushes come into contact. If a bush is completely 
surrounded, no growth can occur. If a bush is only partially surrounded, growth is 
redistributed to the adjacent free points, but only up to some species-specific maximum 
radial increment. These simple mechanisms of interference in the model stand for the loss 
of above-ground production caused by shading, nutrient supply, and the increased 
allocation of assimilate to unproductive tissues such as shaded leaves, stems and roots. 
These processes are lumped together for the purposes of the model as a scramble among 
individuals for space. The ability of indi viduals to exploit such nearby space as is available 
is limited by a species-specific constraint on extension growth. 
Mortality in heathland shrubs is highest in very young and very old plants. Bushes also 
compete with one another as they grow, causing a gradual thinning as the vegetation 
matures. In all three cases—juvenile and senile mortality and competition—the above-
ground biomass increment of the doomed individual is small compared to what is possible 
for the species. We assume, for modelling purposes, that any individual growing at a rate 
less than 0-2 of the calculated maximum rate for the species is liable to die; that the 
probability of death rises linearly from zero as the growth rate decreases below this 
threshold; and that a maximum death rale is reached such that non-growing individuals 
would have only a 1% chance of surviving for a period S. For want of quantitative 
information, we assumed 5 = 6 years for all species. 
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TABLE 1. Estimated values of parameters for computer simulation of heathland 
dynamics at Dwingclo, The Netherlands. 
Parameter 
Establishment rate 
Maximum diameter 
Maximum height 
Growth constant 
Maximum radial 
increment* 
Symbol 
E 
ßiim 
//т.. 
С 
Ліиж 
Est 
Calìuna 
0-625 
150 
35 
13 
70 
¡mated value for 
Empclrum 
0125 
400 
45 
17 
19 
Erica 
0-25 
60 
32 
32 
7-5 
Units 
m"2 year-
cm 
cm 
cm year -1 
cm year -1 
• Estimated from the other parameter values, as GDm,JiHm 
The model implies a general hypothesis that the outcome of interactions between 
individuals of different species is determined by the same factors that govern interactions 
between individuals of the same species (Botkin 1981). The competitive balance between 
the species is assumed to be determined by basic morphological, physiological and life-
history characteristics of the species themselves. These characteristics are expressed in the 
model as differences in parameters determining each species's mode of exploitation of 
space, which acts as a proxy for all the resources needed by the plants. 
Estimation of parameters 
The model requires values of the following parameters for each species: establishment 
rate E, maximum diameter Z)ma, (which can be converted to Amix in eqn (1) assuming the 
largest possible bush is circular), maximum height Ята, (eqn (2)), growth constant G (eqn 
(3)) and a maximum radial increment r
m
„ . A statistical distribution of between-year 
variation in establishment rates can also be specified. We estimated establishment rates by 
counting the numbers of new juveniles (new plants > 5 cm across) that appeared on maps 
of the plot in each successive year during 1964-67. The values of E in Table 1 are the 
approximate geometric means of these annual counts. However, although the proportions 
of the three species among the new juveniles were nearly constant from year to year, the 
total counts varied by large factors. To simulate this variability, we assumed unit 
correlations among the establishment rates of the different species, but assigned all three 
species a standard deviation in the lognormal distribution equivalent to variation by a 
factor of 2-5 above and below the values given in Table 1. 
Estimation of model parameters 
Both £)ma, and HmlI were first estimated approximately from general field observations, 
then adjusted to give curves according to eqn (2), fitting scatter diagrams of height against 
diameter constructed from notes and photographs made through the years at Dwingelo. 
(Note that the resulting values (Table I) are just as site-dependent as the values of the 
other parameters; for example, the height of Calluna bushes relative to their diameter 
tends to be greater at other sites where the grazing intensity is less.) 
Growth constants G (Table I) were estimated by measuring the annual radial 
increments of isolated bushes during Ihc establishment phase, since the initial radial 
increment of a bush growing according to cqns (2) ;incl (3) is simply G£>nw,/I2 Hm-M. 
Without interference, the radial increment would be expected to decrease monoionically 
with age. With inicfcrcncc, bushes seem lo bc capable ofasymmctric radial growth at rates 
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only a Iiulc faster than these minai growth rales Wc assumed maximum radial increments 
1 5 limes estimated initial rates The rcsullmg values (Tabic I) arc consistent with field 
observations 
We look 1957 (2 years before ihc fire) as year zero in the simulations as a way ofmaking 
allowance for an early burst of post-fire establishment This adjustment was needed to 
make the simulated total vegetation cover for 1963 (the first observation year) agree with 
the field data. The values estimated from the field observations were then used without 
change in all the test runs. 
RESULTS 
Model-data comparisons cover percentages 
Figure 2 shows the changes in cover since 1963 and the ranges obtained after deleting 
highest and lowest values in twenty replicate runs of the model. The values of the 
parameters used in all the runs were the values that were estimated from independent field 
observations. The ranges of simulated cover percentages as shown provide approximate 
9 0 % Monte Carlo probability envelopes They are broad, suggesting that chance alone 
can be important in determining the relative abundances of each species on a particular 
patch. Nevertheless, there are certain clear trends common to both the model and the 
data. The data lie almost entirely within the envelopes, except for a short-lived peak in 
bare ground (associated with a temporary drop in Empetrum) in 1977, the year after the 
drought—the drought was not incorporated into the simulations, so its effects do not 
appear. Data and model agree again from 1978 onwards. 
Thus, the general trends in the cover of each species, and the time course of total 
vegetation cover, were simulated correctly. Erica behaves in both the real and the 
simulated community as an opportunist species, reaching its maximum cover (10-20%) at 
about year 8 and slowly declining thereafter. However, it is not excluded from the 
community after year 25; it persists at 2 % or more. Calluna takes longer ( > 10 years) to 
reach its peak values and then remains rather constant. Empetrum takes longest ( > 15 
years) to reach peak values. Real and model communities reach a relatively constant 
composition by year 20, with Empetrum usually dominant, Calluna intermediate, and 
Erica suppressed. The response of the real community to the drought also shows that it 
returned to its pre-drought composition within a few years; we did not test this response in 
the model. 
Model-data comparisons: transition frequencies 
Figure 3 makes a similar comparison between observed and simulated transition 
frequencies. In most cases when the observed frequencies show a trend, that trend also 
emerges from the simulations. For example, the persistence of bare ground becomes less 
and less probable up to year 10, but this probability then stabilizes abruptly and, at about 
year 15, starts to increase again in an irregular manner as individuals approach their 
maximum size or become entirely surrounded, stop growing and die. Transitions from 
Erica and Calluna to bare ground become infrequent beyond the early period, when many 
individuals are small and mortality is high. Transitions from bare ground to Calluna and 
Empetrum increase steadily to beyond year 10 as the surviving individuals grow 
exponentially, but eventually these transitions become less probable again as mortality 
begins to balance growth. 
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FIG 2 Changes in cover dunng post-fire development heathland at Dwmgelo, The Netherlands Thick lines field data 
(Lippe, Glenn Lewin & de Smidt, 1985) Thm lines 90% probability envelope from replicate simulations using the 
parameter values listed in Table 1 
Time (years) 
Fio. 3. Changes in transition frequences during post-fire development of heathland at Dwingelo. The Netherlands 
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TADLE 2 Significance probabilities (of main eflccts and interactions) in analysis of 
variance for Expenmenl 1, showing the cflccls of changing the growth constants (C) 
on the simulated cover percentage of each species after 25 years 
G (Calluna) G (Empetrum) G (Erica) 
Calluna G (Calluna) · · · NS NS 
cover G (Empetrum) · · · NS 
percentage G (Erica) N S 
Empetrum G (Calluna) · · · · · NS 
cover G (Empetrum) * · · N S 
percentage G (Erica) N S. 
Erica G (Calluna) ·*· *· · NS 
cover G (Empetrum) · · · N S 
percentage G (Erica) *·· 
Levels of С 
Calluna 7, 10, 13, 16, 19, 22 cm year"1 
Empetrum 11, 14, 17, 20, 23, 26 cm year-1 
Erica 20, 25, 30, 36, 40, 45 cm year" ' 
Significance symbols · · , P<0 0\, · · · , /><0 001, N S , P>0 05 
Figure 3 also shows some differences between the field data and the simulations. Erica is 
apparently less persistent than the model predicts and more likely to give way to 
Empetrum. A similar, but smaller, discrepancy applies to Calluna in relation to Empetrum. 
Possibly, these discrepancies are caused by the observed tendency of larger Empetrum 
bushes to develop a sparse canopy, allowing some Calluna and Erica bushes to continue 
living for a few years after being overgrown. It was practically impossible to map these 
partially-suppressed individuals consistently from year to year, so the recorded turnover 
rates of Calluna and Erica may be higher than the true rates. 
Finally, Fig. 3 shows the effects of the 1976 drought on the transition frequencies as 
noted by Lippe, de Smidt & Glenn-Lewin (1985). Year 20 (1977) shows temporary peaks 
in transitions to bare ground and reductions in the persistence of Empetrum and in 
transitions from Erica and bare ground to Empetrum. None of these excursions would be 
expected to appear in the simulations, and none does. 
Model experiments 
We carried out three factorial experiments (Tables 2-4) to investigate the sensitivity of 
the mature community (after 25 years' simulation) to changes in the values of the 
parameters controlling growth ((7) and establishment (£) for each species. 
Experiment 1 (Table 2, Fig. 4) 
Growth constants ((7) for each species were varied independently without replication in 
six steps from about 0 67 to 1-5 times the field values given in Table 1. The growth 
constant of each species had a significant positive effect on its own cover. The growth 
constants for Calluna and Empetrum also had significant negative effects on the other 
species. In contrast, Erica merely gained at the expense of bare ground. The significant 
main effects were approximately linear, with some deviations at the extremes (Fig 4). The 
slopes of the responses indicate the relative change in cover per unit relative change in G, 
taking the field values as standard All three species were highly sensitive (slopes about 
2 1) to the growth constant of Empetrum, and Calluna was also highly sensitive to its own 
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TADLE 3. Significance probabilities (of main effects and interactions) in analysis of 
variance for Experiment 2, showing the c/fccls of changing the establishment rates 
(£) on the simulated cover percentage of each species after 25 years. 
E (Callana) E(Enipctruni) E (Erica) 
'alluna 
cover 
percentage 
mpetrum 
cover 
percentage 
rica 
cover 
percentage 
cvelsoff: 
Callana 
Empernan 
Erica 
E (Callana) 
E(Enipctrum) 
E (Erica) 
E (Callana) 
E(Empelrum) 
E (Erica) 
E (Callana) 
E(Empeirum) 
E (Erica) 
« * Ф 
· · · 
« Φ 
0-31.0-47,0-63,0-99. 1-25 m' 
0 07,010,013,0 19,0 25 m 
013, 019,0-25, 0-38, 0-50 m 
Significance symbols: ·, Я < 0-05; ·•, Ρ> 
N.S. 
**· 
N.S. 
* Φ · 
• 
« Φ * 
-'year"1 
"
Iyear-1 
"'year-1 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
* 
« Φ * 
0 0 1 ; · · · , P>0001;N.S., 
not significant. 
growth constant. The self-enhancement effects of these two species, if extrapolated 
downward, suggest that each may have some threshold value of G (at about half the field 
values) below which it would no longer be competitive. 
The growth constants of Calluna and Empetrum also showed significant interactions in 
their effects on the cover of Empetrum and Erica. The direction of the interactions 
indicated that the simultaneous variation of these two parameters can neither suppress 
Erica entirely {Erica did not have much less than 2% cover after 25 years in any of these 
simulations), nor promote Empetrum to complete dominance. No other interactions were 
significant. 
Experiment 2 (Table 3, Fig. 5) 
Establishment rates {E) for each species were varied independently without replication 
in five steps from about 0-5 to 2 0 times the field values. The establishment rate for each 
species had a significant positive effect on its own cover and a significant negative effect on 
the cover of the other two species. The shapes and slopes of the responses varied 
considerably. The most striking feature was the sensitivity of Erica to its own 
establishment rate (Fig. 5). Erica apparently has a threshold establishment rate ( « 40% of 
its field value) needed for survival in the community, and would be much more abundant 
in the mature community ¡fits establishment rate were only a little greater. Calluna and 
Empetrum are Jess sensitive to their own establishment rates, but Empetrum (the species 
with the lowest seedling density) would become much more sensitive if its establishment 
rate were reduced by half. 
Juvenile Empetrum is also apparently sensitive to competition from Erica. A doubling 
of the establishment rate of Erica had such a strong negative effect on Empetrum that 
Calluna reached cover values as high as or higher than those observed in the field. In other 
words, this experiment suggested that ifiWcacan establish itself in sufTicienl density, then 
it may be able to protect Calluna from competition by Empetrum. 
Calluna and Empetrum interacted in their effects on Erica, for the same reason as in 
Experiment 1; Erica could not be entirely suppressed by competition. The establishment 
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T A I I L L 4 Significance probabilities (of main effects only) in analysis of variance for 
Experiment 3, showing the cITccls o f changing ihc growth constants (C) and 
establishment rates (E) on the simulated cover percentage o f each species after 25 
years 
Calluna Empelrum Erica 
Calluna 
cover 
percentage 
Empelrum 
cover 
percentage 
Erica 
cover 
percentage 
Levels of G : 
Calluna 
Empelrum 
Erica 
G 
E 
G 
E 
G 
E 
IO, 16 
14,21 
26,40 
cm 
cm 
cm 
year"' 
year - 1 
year - 1 
·«· 
·*· 
N S . 
ι 
ι 
*** 
·*· 
·*· 
Φ · Φ 
* * • 
•* 
Levelsoff: 
Calluna 
Empelrum 
Erica 
• 
N S 
• 
NS 
Φ* 
• •• 
0 50, 0 78 m" 2 year"' 
0 10, 0 16 m" 2 year"' 
0 20, 0 31 m" 2 year"1 
Significance symbols as in Table 2 
rates of Empetrum and Erica also interacted in their effects on Erica. These two 
interactions were only barely significant. No further interactions were significant. 
Experiment 3 (Table 4) 
The values of G and £ were varied simultaneously to check for interactions between the 
two sets of parameters. To simplify interpretation a narrower range of variation was used 
(0-8-1-25 times field values of both G and E), and to limit computation only those two 
levels of each variable were used. This experiment had less power than the other two, 
because of its narrower range and the smaller total number of simulations. 
The main effects (Table 4) were essentially similar to those shown in Experiments 1 and 
2, except that (barely significant) negative effects of G for Erica on cover for the other two 
species were detected, while some of the effects of changing £ values shown in Experiment 
2 were not detected. There were also significant interactions (not shown in Table 4) that 
could not have been predicted from the other two experiments. First, G for Calluna and E 
for Calluna were synergistic in enhancing Calluna (P < 0-001) at the expense of Empelrum 
(P < 0-01). Secondly, the growth constants for all three species interacted in their effect on 
Calluna (P<0-05). No other interactions were significant. 
DISCUSSION 
In the model the species differ in only four characteristics. A mechanistic model—with 
just four separately estimated parameters for each of three species—successfully 
simulated the changes in cover of these species. The model also correctly predicted the 
major observed trends in year-to-year transition frequencies among the three species (and 
between each species and bare ground) and in this sense came closer to reality than any 
first-order Markov model assuming constant transition probabilities, even though the 
Markov model would require estimates of four additional parameters. This observation 
does not necessarily conflict with Lippe's, de Smidt's & Glenn-Lewin's (1985) view of 
Markov models as useful neutral models for descriptive purposes, or with the hypothesis 
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testing approach advocated by Hobbs (1984) and Hobbs & Lcgg (1984). Our results do 
show, however, that there is a great deal more to be learned about community function 
from mechanistic models, which explicitly simulate biological processes, than from 
statistical models which do not. 
The distinct post-lire succcssional roles ofeach shrub species can be explained in terms 
of the few, easily-observed morphological and life-history characteristics that the model 
uses. Erica behaves in the model as an early-successional species and later as a fugitive 
opportunist, because it has a rapid growth rate but limited maximum extent. A lone Erica 
bush would have a short life: it would soon reach its maximum extent, stop growing and 
die. In the model, Erica bushes grow well at first but soon become surrounded and 
vulnerable to competition. Calluna has a high establishment rate, but the bushes grow 
more slowly than Erica and can become larger, allowing them an advantage in the long 
run. Empetrum has an initial handicap because of its low establishment rate, but in this 
(grazed) community it can grow a little faster than Calluna. It predominates in the end 
because of its prostrate form which allows individuals to grow large, and compete for 
restricted growing space more effectively than individuals of the other two species. These 
simple mechanisms seem reasonable statements of processes that we have observed in the 
field. What the simulation tells us is that together they are sufficient to explain the 
compositional dynamics of the community. 
The model experiments give further proof of the life-like complexity that can emerge 
from seemingly simplistic mechanistic models. The experiments showed that both growth 
and establishment rates can affect the composition of the mature community, but that 
sensitivity to growth and establishment differs among species. Erica is highly sensitive to 
its establishment rate, as befits an opportunist. Calluna and Empetrum are more sensitive 
to their growth rates. The experiments also show several more subtle effects. For example, 
Calluna χ Empetrum interactions in Experiments 1 and 2 suggest a means for the long-
term persistence οι Erica. Various kinds of disturbance might, at times, favour Calluna, 
Empetrum or both at the expense of Erica, but the experiments suggest that Erica cannot 
be excluded from the community by increased competition from the other two species. 
Presumably, increasing G от E for Calluna and Empetrum also increases their turnover 
rate, creating gaps with higher frequency, and so giving greater opportunities for Erica to 
maintain a young population. 
Although the community responded elastically to the perturbation caused by the 1976 
drought, it cannot yet have reached stability because its age structure is far from 
equilibrium. We tried simulating the longer-term development of the heathland, still 
assuming no changes in parameter values and no major extraneous disturbances. In these 
long-term simulations, an increasing number of large, old bushes died during the next 10 
years or so, leaving some large gaps in which early succession occurred again. This 'Watt 
process' (Watt 1947) is a logical continuation of the maturation observed since 1959. It 
would lead, in theory, to an eventual equilibrium on a larger spatial scale, with a coarser 
and more complex patch structure and a more uneven age structure. This has not 
happened yet because the community is not old enough. 
Therefore, the present relative constancy of the community represents a plateau stage 
rather than an equilibrium state. But equilibrium may never be reached for several 
reasons. First, the probability of major disturbance increases with time. Possible 
disturbances include outbreaks of the heather beetle, to which old Calluna may become 
highly susceptible even in the grazed condition (de Smidt 1977), and accidental fires, 
which become more likely as leaf litter and dead wood accumulate. Such disturbances 
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prevent the Watt process from occurring in many heathlands Secondly, even if the 
community continued without major disturbance, regeneration conditions would not 
necessarily be the same during later pioneer phases as they were during the years 
immediately after the 1959 fire when the early summers were unusually wet The weather 
may have favoured the establishment of Empetrum, whose seedlings are particularly 
susceptible to drought The present population οι Empetrum at Dwingelo consists largely 
of individuals established during those years, the present overall dominance of Empetrum 
is unusual for the region, which is near the southern limit of Empetrum Experiment 2 
indicated that a lower rate of establishment could be critical for Empetrum Finally, if a 
Watt process did set in, it would almost certainly be regarded as a catastrophe by the 
people responsible for managing the reserve The 1959 fire was a management operation 
to rejuvenate the grazing after an attack by the heather beetle. Any widespread mortality, 
however caused, would be seen as a condition requiring similar intervention. An uneven-
aged equilibrium state of the heathland would be less productive for grazing, and 
susceptible to invasion by non-heathland species. Heathlands are anthropogenic 
communities, adapted to a long history of management (Gimingham, Chapman & Webb 
1979, de Smidt 1979). It is appropriate to consider humans as a part of the heathland 
system, and to recognize that they can (and should) intervene to prevent the attainment of 
equilibrium 
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CHAPTER 7 
GENERAL DISCUSSION AND CONCLUSIONS 
GENERAL DISCUSSION AND CONCLUSIONS 
The methods used in this thesis for the study of succession 
are very different in several aspects. There are essentially 
three different approaches: 
. Pattern recognition by means of ordination, a multivariate 
analysis (chapter 2). 
. Statistical tests of significance for several hypothesized ex-
planatory variables. The impact of mowing and fertilizer treat-
ments on grasslands is tested in chapter 3. Soil type, fire and 
heather beetle attacks are the explanatory variables in the early 
succession after a disturbance in heathlands (chapter 4). 
. Construction and use of a simulation model based on explicit 
hypotheses about elementary vegetation processes (chapters 5 and 
6). 
Most methods for pattern recognition have been developed to 
detect the underlying structure in a certain set of multivariate 
data without the use of any a priori knowledge on the 
differences. In succession research we are confronted with spa-
tial as well as temporal differences. The INDSCAL model used in 
chapter 2 is developed (in psychometrics) to detect structure at 
two levels: The underlying structure of the objects under study 
and the structure in the point of view of the observers. The set 
of different observers is replaced by a set of yearly observa-
tions on the same set of objects (permanent plots). Thus, there 
is an a priori separation between differences caused by spatial 
differences in environment (and management) and differences re-
lated to the process of succession (temporal differences). This 
eases the interpretation of the final results. The relationship 
between the resulting pattern in the vegetation data and the 
treatments is very clear, but little can be said about the 
separate species. The mechanisms causing the process of succes-
sion cannot be inferred from the analysis, but the causal 
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relationship between treatments and different development of the 
vegetation is clear, even though not proven. 
With regression analysis as used in chapter 4 one hopes to 
detect differences in behaviour between species and to use these 
differences to explain what happens in the community as a whole. 
There are important complications however: 
. By only using environmental variables and time as independent 
variables one neglects the interactions between species. Adding 
the abundance of all other species as independent variables would 
ask for a lot more data, since in that case the number of 
parameters to be estimated drastically increases. 
. Data collected from permanent plots in one experimental area 
are spatially and temporally autocorrelated and therefore the 
tests of significance involved in these analyses are misleading. 
If using a random design for observations over the same period 
of time in the same area even less than 19 (out of 121) species 
will be found for which parameter estimates in regression 
analysis are significantly different from 0. 
. By using only a simplistic parameter like estimated cover-
abundance to be related to time and environment we are neglecting 
important population characteristics like demography, the verti-
cal distribution and the numbers of individuals for each species. 
The problem of temporal autocorrelation and spatial autocor-
relation is eliminated by the use of the distnbution-free test 
for growth curves (Koziol et al., 1981) with spatially uncorre-
lated data. The data available for this test however were so 
sparse, that a considerable bias may be present: The fires in the 
Strabrecht area took place in the late sixties, those in the 
Veluwe area in the early sixties. The opposite is true for 
heather beetle attacks. Here also, the results should be inter-
preted with care. Differences in the observed curves for cover 
percentages are significant, but the explanation for the dif-
ferences is disputable. 
The design of the experiment in chapter 3 (even if data from 
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one year are analysed separately, see also chapter 2) and the 
bias in the observations used in chapter 4 result in the same 
kind of cautious descriptive conclusions as in chapter 1 . Even 
with a better experimental design or with many more unbiased ob-
servations the resulting conclusions do not lead to insight in 
the mechanisms involved in the changes, since these mechanisms 
work on a lower level at smaller spatial and temporal scales. The 
conclusions in chapter 3 and 4 (although the research was done at 
the community level) are conclusions at the population level, but 
for a causal explanation more detailed information on the popula-
tion level is wanted. The structure of the populations and the 
spatial pattern within the community determine the intensity of 
the interactions between species. The external time scale 
(duration of the experiment or length of observation series) is 
well related to the coarse spatial scale, but the internal time 
scale (1 year in both cases) should be related to a finer spatial 
scale (in the order of magnitude of the size of individual plants 
or clumps, i.e. 10cm - 1m instead of 10-20m for the heathlands 
and 1-10cm instead of 5m for the grassland plots). 
For the heathland plots of J.T. de Smidt fine scale spatial 
data are available in the form of yearly charts made in permanent 
plots. From his charts it is possible to derive detailed informa-
tion on the number of established plants and on the annual growth 
of individual plants during the first years of secondary 
succession. When the individual plants touch each other after 
some years only the spatial pattern in the community can be 
derived from his charts. 
The model discussed in chapters 5 and 6 uses the information on 
establishment and growth and a few explicit hypotheses about 
vegetation processes. The use of such a model is necessary for 
the testing of our complex hypotheses, because fine scale data on 
individual plants or populations cannot be derived from the 
charts after a few years. The model reproduced post-fire succes-
sional trends very well, without any adjustment to our estimates 
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of the parameters or to our hypothesized mechanisms. Our es­
timates of transition probabilities however seemed biased and we 
were forced to incorporate a systematic error in our estimates by 
introduction of a shift in the location of the grid in subsequent 
years. A bias in the estimates from the charts by inaccurate 
location of the grid in the field however is not unrealistic. 
Sensitivity analysis showed the possibility of persistent 
effects of early establishment as hypothesized by Lippe et al. 
(19Θ5). The successional strategies of the shrub species can be 
explained m terms of a few parameters and experiments with the 
model further confirm these successional strategies. 
The implicit assumptions of the model (constant environment 
with random climatic variation and constant seed bank) are un­
realistic for a coarser time scale at which other mechanisms be­
come important. For other time scales and spatial scales dif­
ferent models can be used which do not necessarily include the 
mechanisms used in this model. 
An oversimplified model would not have been suitable to test 
hypotheses because of lack of realism. A model with relatively 
few, but all important mechanisms and parameters is easy to test 
by means of sensitivity analysis and easy to verify but its ac­
curacy may be low. The estimation of parameters for a very com­
plex model, however, is tedious and a thorough test with e.g. 
sensitivity analysis is almost impossible. 
The choice seems easy but costs seem large: The construction of 
realistic models with relatively few parameters limits the range 
of valid scales for these models. A theory which can only be sup­
ported by models with a restricted range of scales for which they 
are valid must be considered as being restricted to the same 
range of scales. 
The conclusions in this thesis mainly support the Gleasoman 
point of view: the population-based approach, emphasized by the 
life-history attributes of species, dictates a restriction to the 
range of possible spatial and temporal scales. These scales are 
117 
related to 'upward control mechanisms': the populations determine 
the processes of change in the community. The Clementsian ideas 
as expressed by E.P. Odum (1959) and H.T. Odum (19Θ3) are related 
to 'downward control': The community as a whole changes the en­
vironment such that other species are favoured. 
In fact both control mechanisms are at work in most population-
based models, but downward control is weak in the sense that no 
permanent changes in the environment (e.g. changes in the soil) 
are allowed: Temporary changes are directly caused by the 
presence of individual organisms and their effects (e.g. light 
conditions in forest gap models) stop as soon as the individuals 
die. A synthesis between Clementsian and Gleasonian ideas is 
possible. In fact in our model and in forest gap models the 
structure and dynamics of the community are explained with 
knowledge about the life-history and morphology of the community. 
On the other hand the fate (establishment, growth and death) of 
individual plants is explained by the structure and history of 
the community. Limitations in our ability to test very complex 
models is the real cause of the still sustaining controversy be­
tween 'Clementsian holistic ecosystems-ecologists ' and 
'Gleasonian reductionistic population- or community-ecologists'. 
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Stellingen bij: 
Some Models for Secondary Succession In Grasslands and Heathlands 
1. Het dynamisch modelleren van oecosystemen op systeemniveau heeft uitsluitend 
waarde wanneer uitspraken gedaan worden die betrekking hebben op zeer lange 
perioden. 
Dit proefschrift. 
2. Om de seizoensdynamiek in een oecosysteem dynamisch te modelleren heeft men 
nauwkeurige kennis nodig omtrent de reacties van de afzonderlijke soorten op mi­
lieuparameters tijdens verschillende fasen van hun groei. 
Dit proefschrift. 
3. Bij de bemonstering van aquatische oecosystemen gaat men er veelal ten onrech­
te van uit dat deze systemen homogeen zijn. 
4. Meer aandacht voor "experimental design" of "sampling design" zou een groot 
aantal oecologen werk besparen en bovendien leiden tot betrouwbaarder resulta­
ten. 
5. Zowel de Nederlandse als de Engelse volksnaam van Tropaeolum majus L., res-
pectievelijk Oostindische Kers en Nasturtium, wijzen op de aanwezigheid van over­
eenkomstige smaakstoffen in de geslachten Tropaeolum, Nasturtium en Cardamine. 
6. Bij de herzienmg van het boek "Plantengemeenschappen in Nederland" dienen 
naast synoptische tabellen op associatie- en ordeniveau ook determinatiesleutels 
per klasse opgenomen te worden. 
Westhoff, V. & AJ. den Held, 1969. Plantengemeenschappen in Nederland. Thieme, Zutphen. 
7. Concurrentie-coefficienten zoals verkregen met behulp van de concurrentiemo­
dellen van De Wit zijn minder geschikt voor gebruik in dynamische modellen van 
natuurlijke systemen. Het verdient aanbeveling in dergelijke modellen inter- en in-
traspecifieke concurrentie via eenvoudige mechanismen te modelleren. 
Dit proefschrift. 
Wit, C.T. de, 1960. On Competition. Versi. Landbouwk. Onderz. (Agrie. Res. Rep.) 66.8. Wagenin-
gen. 
8. Canonische Correspondentieanalyse of Redundancy Analysis is voor de analyse 
van successiegegevens te prefereren boven Individual Differences Scaling, mits vol­
doende aanleiding bestaat om te veronderstellen dat alle monsterscores een mono­
tone relatie hebben met de tijd. 
Dit proefschrift. 
Braak, С J.F. ter, 1987. CANOCO - a FORTRAN program for canonical community ordination by 
[partial] [detrended] [canonical] correspondence analysis, principal components analysis and redun­
dancy analysis. ΓΠ/ΤΝΟ, Wageningen. 
9. Oecologen verzamelen in het algemeen veel meer gegevens dan ze gebruiken om 
hun conclusies op te baseren. Dit is slechts zeer ten dele toe te schrijven aan hun 
grote liefde voor de natuur. 
10. De kans om snelheidsovertreders te betrappen is niet, zoals men wellicht op 
grond van het overheidsbeleid zou concluderen, positief gecorreleerd met de snel-
heidslimiet op de wegen, maar negatief met de overschrijding van deze limiet door 
de voertuigen van de Rijkspolitie. 
11. Het is verbazingwekkend te zien, hoe verrast de overheid is naar aanleidingvan 
de resultaten van het experiment met het openbaar vervoer in het noorden van het 
land, waarbij bus en trein beter op elkaar aansluiten. Ook zonder uitvoering van dit 
experiment had men al jaren geleden moeten besluiten tot betere integratie van het 
openbaar vervoer. 
4 februari 1988, 
Ormo van Tongeren. 
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